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ABSTRACT
During the first week of life, broiler chickens undergo various developmental changes that 
are already initiated during incubation. Ongoing development of organs such as the gastro-
intestinal tract and the immune system may affect the nutritional requirements during this 
age period. Despite the residual yolk that is available at hatch and that may provide nutritional 
support during the first days after hatch, the growth performance may be affected by the 
time in between hatch and first feed intake. Furthermore, it remains largely unknown to what 
extend nutritional composition of a pre-starter diet, as well as feed availability directly after 
hatch have an effect on physiological development directly after hatch, but also at later age. 
The aim of this thesis was to determine the impact of feed availability and feed composition 
provided during the first week of life on short-term physiological development, as well as 
potential long-term effects on growth performance of broiler chickens. Especially early hatched 
chickens were suggested to benefit more from direct feed access compared to midterm and 
late hatched chickens, as they tended to have a higher body weight gain during the first week 
after hatch. A delay in feed access for 48 h resulted in lowered body weight gain and feed 
intake when compared to direct feed access, but so did a short (13 to 26 h) delay in feed access 
after hatch. In the latter case, delayed feed access resulted in a lower weight to length ratio 
of the jejunum and ileum at 4 d of age compared with chickens with direct feed access. 
Although delayed feed access after hatch resulted in lower body weight gain during the first 
week after hatch and thereafter, it can be discussed whether this is truly an impairment of 
long-term growth or just a delayed onset of growth. With respect to feed composition, the 
inclusion of fish oil and medium chain fatty acids in a pre-starter diet had minor effects on 
humoral immune function. Inclusion of medium chain fatty acids did result in higher body 
weight gain and lowered feed efficiency during the first week of life, but only during the 
period it was provided. Feeding increased diet densities during the first week of life, obtained 
by formulating diets with different dietary fat levels, resulted in an increased gain to feed 
ratio, whereas body weight gain and feed intake decreased. Despite the shift in dietary energy 
supply from carbohydrates to fat and the perceived lower fat digestibility in young broiler 
chickens, nitrogen metabolizability and fat digestibility were not affected in the current study 
by feeding increased diet densities. The relative crop, liver and pancreas weights decreased 
when feeding increased diet densities, whereas the length of the entire intestinal tract 
increased. This suggests that broiler chickens repartition visceral organ development in 
response to feeding more concentrated diets during the first week of life. Interestingly, protein 
and fat accretion were not affected. Continued feeding of increased diet densities after 7 d 
of age resulted in increased BW gain, G:F ratio and metabolizable energy intake, but mainly 
during the periods that these diets were provided. In summary, even short durations of 
delayed feed access already impact intestinal development of young broiler chickens. However, 
a delayed feed access up to 48 h after hatch does not result in impaired growth, but only a 
delayed onset of growth. Even though digestibility of fats and oils may be suboptimal in young 
broiler chickens, feeding of these diets does not have to result in lowered performance per 
se. Young broiler chickens appear to adapt themselves towards high density diets with high 
fat inclusion levels in the first week of life, enabling them to digest and metabolize these diet 
types despite a suboptimal capacity for fat digestion. High density diets result in higher growth 
performance, but only for the period these diets are provided and thus carry-over effects at 
later age appear to be limited. 
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CHAPTER 1
General Introduction
CHAPTER 110  | 
INTRODUCTION
The first week of life of a broiler chicken has a large impact on its health, welfare, and growth 
performance as it matures. One of the important aspects in the first week is the nutrition 
for the newly-hatched chicken. To provide proper nutritional support for broiler chickens 
during the first week of life, it is important to have a strong understanding of the 
physiological status of broiler chickens at this age. The physiological status, with a particular 
emphasis on digestive status, determines the broiler chickens’ potential for nutrient 
digestibility, utilization, and retention. 
This introduction describes (1) the physiological status and developmental transitions of 
the broiler chicken during the first week of life, (2) the digestive capacity of the chicken 
during the first week of life, and (3) how the physiological and digestive status of the broiler 
chicken during the first week of life can be affected through nutrition. The general 
introduction concludes with the aims and outline of the thesis.
PHYSIOLOGICAL STATUS DURING THE FIRST WEEK OF LIFE
During the first week of life, the broiler chicken undergoes major physiological transitions, 
such as maturation of the gastrointestinal tract (GIT) and the immune system, as well as 
development of the thermoregulatory system (Christensen, 2009). Coinciding with these 
physiological transitions, the remaining residual yolk is metabolized and exogenous feed 
is offered as a nutrient source. 
Gastrointest inal  tract
Maturation of the GIT starts during the final stage of incubation, initiated by absorption 
of the amniotic fluid (Moran, 1985) and changes in hormones (cortisol, thyroid hormone) 
and growth factors (Bohórquez, 2010). Maturation of the GIT in young broiler chickens 
has been extensively reviewed (Wijtten et al., 2012b; Lilburn and Loeffler, 2015) and is 
mainly reflected by increased overall length and weight. The small intestine increases 
about 3 times in relative weight during the first week of life, mainly due to villi 
development to increase the absorptive area of the GIT. Villi development is measured 
by greater villi length and increased villi density, resulting in a larger surface area available 
for absorption of nutrients provided through feed. The surface area of a single villi 
develops faster in the duodenum than in the jejunum and ileum (Geyra et al., 2001b), 
but when combined with the number of villi per intestinal section (duodenum, jejunum, 
ileum), the jejunum has a larger total villus surface area compared to duodenum and 
ileum from approximately 3 d of age onwards. During the first days after hatch, 
enterocytes within these villi slightly change their functionality, moving from absorption 
GENERAL INTRODUCTION |  11
1
of macromolecules (such as immunoglobulins) during incubation towards absorption 
of dietary nutrients during the first days after hatch and thereafter (Moran, 2007). This 
change in functionality of enterocytes is already initiated during the final incubation 
stage, as demonstrated in turkey embryos (De Oliveira et al., 2009). By studying gene 
expression patterns involved with enterocyte brush border enzyme and nutrient 
transporter activity, it was found that the digestive capacity at hatch is limited to relatively 
simple molecules, such as small peptides and mono- and disaccharides. A more developed 
small intestine by means of length and villi number and size may stimulate nutrient 
absorption by both a higher absorption surface and a longer transit time of feed (Noy 
and Sklan, 1995). The rapid development of the GIT relative to other organ systems in 
the first week of life suggests that a large portion of the retained energy and protein at 
this age is allocated for intestinal development.
Immune system
As a first line of immunological defense, young broiler chickens mainly depend on their 
innate immune system and maternal antibodies that are deposited by the hen into the egg 
(Bar-Shira and Friedman, 2006; Hamal et al., 2006). The innate immune response consists 
of cellular responses by macrophages, dendritic cells, heterophils, and natural killer cells, 
the alternative complement pathway, and a morphologically mature intestinal tract by 
means of a sufficient mucus layer and developed intestinal epithelial cells. Although the 
innate immune system is functional at the time of hatch, its development continues during 
the first days after hatch. Within the GIT, goblet cells commence acidic mucin production 
during the final stage (>18 d) of incubation (Uni et al., 2003), functioning as a protective 
layer against pathogens within the intestine. Within two days after hatch, the intestinal 
tract is populated by matured heterophils, protecting the intestinal tract through secretion 
of antibacterial β-defensins (Bar-Shira and Friedman, 2006). Excretion of β-defensins by 
heterophils compensates for a lack of secretion of defensins from enterocytes within the 
gut epithelium at that age. The acquired immune system is largely represented in the gut 
associated lymphoid tissue (GALT) that initiates its function after the first two weeks of 
life: firstly by cellular responses followed by humoral responses (Bar-Shira et al., 2003). 
B-cells, part of the acquired immune response and responsible for antibody production, 
start to colonize the small intestine from 4 d of age onwards, but they only become 
functional at approximately 2 weeks of age (Bar-Shira et al., 2003). To compensate for this 
immature acquired immunological development during the first two weeks of age, a young 
broiler chicken has to rely on maternal antibody protection. Maternal antibody transfer 
consists primarily of IgY, but also limited amounts of IgM and IgA (Hamal et al., 2006). 
Maternal IgA is mainly transferred into the intestinal tract of a young broiler chicken, where 
it disappears during the first two weeks of age (Lammers et al., 2010). In addition, maternal 
IgY and IgM levels gradually decrease during the first 2 to 3 weeks of age (Sahin et al., 
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2001). The time period during which maternal immunoglobulins decline and the acquired 
immune system is still developing may cause a potential gap in immune protectiveness that 
puts a young broiler chickens at risk. 
Thermoregulator y  system
Chickens act as poikilothermic during embryonic development and shortly after hatch, 
meaning that their body temperature may vary, depending on environmental conditions 
(Tazawa et al., 2001). Chickens are considered to act as homeothermic from approximately 
10 d of age onwards, meaning that they can keep their body temperature relatively constant, 
within a range of ambient temperatures (Nichelmann and Tzschentke, 2002). The 
transformation from being poikilothermic to homeothermic is considered to be a 
combination of neural and endocrinological processes (Baarendse et al., 2007; Debonne et 
al., 2008). Moreover, dietary composition was found to affect thermoregulatory properties 
(Van den Brand et al., 2010). A pre-starter diet with and without additional animal fat 
inclusion resulted in the lowest rectal temperature decrease when early post-natal chickens 
were exposed to mild cold stress (20oC for half an hour at 2 to 3 d of age) compared to 
broiler chickens that were fed either dextrose, albumen, or nothing. It was hypothesized 
that feeding broiler chickens a complete diet instead of single ingredients would result in 
increased metabolism (increased heat production and body temperature) due to better 
intestinal development (Van den Brand et al., 2010). This increase in metabolism was not 
found in treatments in which single ingredients were provided (dextrose, albumen).
Residual  yolk
The residual yolk functions as the primary nutrient supply for broiler chickens directly 
after hatch, a function that is gradually taken over by ingested feed. The nutritional role of 
the residual yolk is unclear, as some studies estimate that the residual yolk only contributes 
about 10 to 11% of the total energy and protein intake from 0 to 3 d of age (Wijtten, 2011), 
whereas others estimate this to be approximately 30% (Murakami et al., 1992). It is expected, 
though, that the relative contribution of the residual yolk is dependent on the amount and 
composition of the exogenous feed consumed. If the residual yolk actually functions as a 
backup nutrient source during the first days after hatch and when no exogenous feed is 
available, it may be hypothesized that the absorption rate of the residual yolk will increase 
during periods without feed availability. This is in line with Noy et al. (1996), who 
demonstrated that delayed feed access after hatch (48 to 96 h) resulted in lowered yolk 
weights at 96 h post-hatch compared to direct fed chickens. However, other studies with 
delayed feed access up to 48 to 72 h after placement in a grow-out facility found no 
differences in yolk utilization (Gonzales et al., 2003; Van den Brand et al., 2010). This can 
be explained by the assumption that feed intake results in increased metabolism and as a 
consequence more of the residual yolk is metabolized, thus resulting in a net equal residual 
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yolk absorption rate between direct and delayed fed chickens. Besides functioning as a 
nutrient supply, the residual yolk may also have an impact on health status of young broiler 
chickens, because it contains maternal immunoglobulins (mainly IgY; Ulmer-Franco et al., 
2012) and other immunological constituents (e.g. cytokines), while the innate (by means 
of morphological development of the intestinal tract) and the acquired immune system are 
still under development (see above).
Concluding, the first week of life is a very dynamic period for the broiler chicken as it goes 
through various physiological transitions. These transitions should be taken into account 
to ensure proper fulfilment of the chicken’s nutritional requirements.
DIGESTIVE STATUS DURING THE FIRST WEEK OF LIFE
From the first week of incubation onwards, broiler chicken embryos mainly rely on lipid 
oxidation for their growth and development, as the yolk primarily contains fatty acids that 
may function as an energy source (De Oliveira et al., 2008). At hatch, the residual yolk still 
consists mainly of fatty acids (Yadgary et al., 2010). Nevertheless, chickens are provided a 
diet rich in complex carbohydrates at placement on a broiler farm (Sklan, 2001). The switch 
from fats towards carbohydrates as the primary energy supply for young broiler chickens 
may be perceived as contradictive, given their reliance on lipid metabolism during most of 
the incubation process. This requires a better understanding of the digestive status of 
chickens during the first week of life.
Nutrient  digest ibi l ity
Fulfilment of the nutritional requirements of broiler chickens during the first week of life 
requires proper understanding of ingredient digestibility and metabolizability, as this 
ultimately affects the nutrient availability for utilization. Because the GIT is not fully mature 
yet at the moment of hatch, it appears to be logical to suggest that digestibility and 
metabolizability of various nutrients are also not optimal.
For example, net enzyme secretion in the duodenum (amylase, trypsin and lipase) increases 
significantly as the chicken ages (Noy and Sklan, 1995), supported by age dependent activity 
of amylase, trypsin, lipase, and maltase in the pancreas (Sell et al., 1991). Although it is 
suggested that bile salt secretion is limited in a young broiler chicken (Krogdahl, 1985), bile 
acids are abundant from 2 d of age onwards and only decline at a later age (Green et al., 1987). 
Digestibility coefficients for dietary nitrogen, starch, and fat have been determined for 
broiler chickens at various ages in a number of studies (Table 1). Although digestibility 
coefficients depend on the location within the GIT where they are determined (fecal vs. 
ileum, with or without correction for urea N; Garcia et al., 2007), nitrogen and starch 
digestibility tend to be already high at hatch and remain high as the broiler chicken ages. 
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Fat digestibility has been extensively reviewed to be age-dependent (Ravindran et al., 2016), 
which  is also observed in Table 1 and Table 2, where fat digestibility is low during the first 
week of life and continues to increase from 7 and 14 d of age. Moreover, Tancharoenrat et 
al. (2013) reported that digestibility of fats is not only highly age-dependent, but also 
depends on the degree of saturated and unsaturated fatty acids (Table 2). In work with 
turkey poults, Turner et al. (1999) determined that, the dietary fat digestibility coefficient 
from 3 to 8 d of age increased approximately 29% (0.70 vs. 0.90) when a blend of animal 
and vegetable fat in the diet was replaced with medium chain triglycerides (76% C8:0). 
Individual amino acid digestibility increases over time when measured in corn and canola 
based diets (Table 3), for which the average digestibility rates are comparable to the nitrogen 
digestibility rate reported in Noy and Sklan (1995). In addition to being age dependent, 
amino acid digestibility also depends on the raw material (Batal and Parsons, 2003), where 
processed soybean products (soy protein isolate, soy protein concentrate) appear to be 
better digestible at a younger age than regular soybean meal. 
Energ y uti l izat ion
Dietary energy utilization, defined as the amount of energy retained divided by the amount 
of feed intake, is known to vary depending on the energy source used (fat, carbohydrates 
or protein) and age of the chicken (Sulistiyanto et al., 1999; Batal and Parsons, 2002b; 
Table 1. Digestibility coefficients for dietary nitrogen (N), starch, fat, and fatty acids in corn, wheat, and 
sorghum based diets for broiler chickens at various ages.
Age, d
Nutrient Basal diet1 Type2 1 2 3 4 5 6 7 14 21 Ref.3
N Wheat-SBM F, M - 0.79 0.75 0.66 0.64 0.56 0.59 0.60 0.57 3
Sorghum-SBM F, M - - 0.76 - 0.66 - 0.61 0.64 - 3
Corn-SBM F, M - 0.82 0.76 0.72 0.67 0.70 0.63 0.62 0.63 3
Corn-SBM I, M - - - 0.78 - - 0.80 0.9 0.93 2
Starch Wheat-SBM F, D - - - - 0.95 - 0.90 0.97 - 3
Sorghum-SBM F, D - - - - 0.95 - 0.92 0.97 - 3
Corn-SBM F, D - - - - 0.96 - 0.94 0.98 - 3
Corn-SBM F, D 0.93 0.93 - - 0.97 0.99 0.99 1
Corn-SBM I, D - - - 0.85 - - 0.82 0.85 0.83 2
Fat Wheat-SBM F, D - - - - 0.62 - 0.42 0.76 - 3
Sorghum-SBM F, D - - - - 0.52 - 0.43 0.76 - 3
Corn-SBM F, D - - - - 0.69 - 0.65 0.78 - 3
Corn-SBM F, D 0.61 0.58 - - 0.59 0.74 0.73 1
1SBM = soybean meal. 2Determination type can be either ileal (I) or fecal (F) digestibility (D) or metabolizability 
(M). 3Reference: 1. Batal and Parsons (2002b), 2. Noy and Sklan (1995), 3. Thomas et al. (2008).
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Thomas et al., 2008). Energy utilization may even vary among energy sources; for example, 
dextrose is known to have a higher MEn value than high amylose starch (independent of 
broiler age), while both being carbohydrate sources (Batal and Parsons, 2004). Although 
dietary fat digestibility appears to be age-dependent (Batal and Parsons, 2002b; Thomas et 
al., 2008), energy utilization of various fat sources (coconut oil, beef tallow, safflower oil) 
does not, in contrast to various cereal and protein sources (Sulistiyanto et al., 1999). 
Concluding, the digestive capacity of broiler chickens is both age- and ingredient-dependent. 
Based on current nutrient digestibility data, it may be suggested that carbohydrate sources 
are more easily digestible than fats during the first week of life, although this is based on a 
limited number of studies available during this stage of life. 
FEEDING STRATEGIES DURING THE FIRST WEEK OF LIFE
Feed access  after  hatch
Optimally incubated chickens hatch within a time frame (hatch window) of approximately 
24 h and are only removed from the incubator when the majority of the chickens have 
hatched. In commercial hatcheries, hatch windows may last up to 36 h (Decuypere et al., 
2001). Combined with chicken handling in the hatchery and transportation, the time 
between hatch and first feed intake may last up to 72 h (Noy and Uni, 2010; Willemsen 
et al., 2010). As a result, early hatched chickens spend a relatively long period within the 
incubator at a relatively high ambient temperature without feed or water access compared 
to midterm and late hatched chickens. Consequently, they have a higher risk of 
dehydration and a relatively longer delay in the onset of various physiological 
developments as described by Christensen (2009). This suggests that broiler chickens of 
the same batch of eggs may experience the effect of ‘delayed’ feed availability on 
Table 2. Fecal apparent fat digestibility of different fat sources for broiler chickens at various ages 
(modified from Tancharoenrat et al., 2013).
U:S ratio1 Digestibility coefficient, DC Relative increase in DC2, %
Age, d 7 d 14 d 21 d 7-14 d 14-21 d 7-21 d
Soybean oil 5.06 0.59 0.90 0.97 152 107 163
Tallow 0.80 0.37 0.65 0.74 177 113 200
Tallow:SBO3 2.93 0.50 0.83 0.83 166 100 166
Poultry fat 2.07 0.60 0.85 0.93 141 110 155
Palm oil 0.93 0.60 0.81 0.84 134 104 139
1U:S ratio: ratio between unsaturated and saturated fatty acids in the raw material.  
2Relative difference calculated between two subsequent ages.
3Blend of tallow and soybean oil (at 50:50 ratio).
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Table 3. Digestibility coefficients for dietary amino acids in corn with either soybean meal (SBM) or 
canola based diets for broiler chickens at various ages.
Age, d
Amino Acid Basal diet Type1 1-2 3-4 7 14 21 Ref.2
Arginine Corn-Canola D 0.83 0.85 0.88 0.88 0.89 1
Arginine Corn-SBM D 0.86 0.86 0.90 0.91 0.91 1, 2
Arginine Corn-SBM M - 0.87 0.92 - 0.93 3
Cysteine Corn-Canola D 0.68 0.66 0.72 0.74 0.77 1
Cysteine Corn-SBM D 0.66 0.61 0.73 0.78 0.80 1, 2
Cysteine Corn-SBM M - 0.64 0.77 - 0.81 3
Histidine Corn-Canola D 0.76 0.78 0.82 0.82 0.83 1
Histidine Corn-SBM D 0.81 0.80 0.85 0.87 0.88 1, 2
Histidine Corn-SBM M - 0.81 0.88 - 0.90 3
Isoleucine Corn-Canola D 0.76 0.77 0.81 0.82 0.83 1
Isoleucine Corn-SBM D 0.80 0.80 0.86 0.88 0.88 1, 2
Isoleucine Corn-SBM M - 0.81 0.88 - 0.90 3
Leucine Corn-Canola D 0.80 0.81 0.84 0.85 0.85 1
Leucine Corn-SBM D 0.81 0.81 0.87 0.89 0.90 1, 2
Leucine Corn-SBM M - 0.83 0.89 - 0.91 3
Lysine Corn-Canola D 0.73 0.75 0.79 0.80 0.80 1
Lysine Corn-SBM D 0.82 0.82 0.85 0.87 0.88 1, 2
Lysine Corn-SBM M - 0.83 0.89 - 0.91 3
Methionine Corn-Canola D 0.80 0.74 0.80 0.81 0.81 1
Methionine Corn-SBM D 0.82 0.83 0.88 0.91 0.91 1, 2
Methionine Corn-SBM M - 0.87 0.93 - 0.95 3
Phenylalanine Corn-Canola D 0.74 0.73 0.81 0.82 0.81 1
Phenylalanine Corn-SBM D 0.77 0.77 0.86 0.88 0.88 1, 2
Phenylalanine Corn-SBM M - 0.84 0.89 - 0.91 3
Threonine Corn-Canola D 0.66 0.68 0.73 0.74 0.75 1
Threonine Corn-SBM D 0.71 0.68 0.79 0.83 0.84 1, 2
Threonine Corn-SBM M - 0.71 0.80 - 0.85 3
Valine Corn-Canola D 0.74 0.75 0.79 0.80 0.81 1
Valine Corn-SBM D 0.78 0.77 0.84 0.86 0.87 1, 2
Valine Corn-SBM M - 0.74 0.83 - 0.86 3
Av. AA Corn-Canola D 0.75 0.75 0.80 - 0.82 1
Av. AA Corn-SBM D 0.78 0.77 0.82 0.86 0.87 1, 2
Av. AA Corn-SBM M - 0.79 0.87 - 0.89 3
1Digestibility (D) or metabolizability (M). 2Reference: 1. Batal and Parsons (2002b), 2. Batal and Parsons 
(2002a), 3. Biggs et al. (2007).
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physiological development differently due to differences in biological age. Interestingly, 
irrespective of their biological age at pulling, these chickens all start at ‘day 0’ once they 
arrive at a grow-out facility. Careghi et al. (2005), therefore, made a distinction between 
the biological and chronological age of broiler chickens. Using this differentiation, the 
chronological age can be similar for one batch of chickens, while early, midterm, and late 
hatched chickens differ in biological age. 
Especially during the first days after hatch, delayed feed access may negatively affect chicken 
development. With respect to the GIT, this is reflected by a lower absolute weight, shorter 
intestinal length, lower enzymatic activity, decreased villi and crypt cell density, and lower 
crypt depths and villi heights (Corless and Sell, 1999; Geyra et al., 2001a; Gonzales et al., 
2003; Maiorka et al., 2003). Intestinal development is not always quantified for individual 
parts of the intestinal tract (duodenum, jejunum, ileum, and caecum), while it appears that 
some parts are more sensitive for delayed feed availability than others (Geyra et al., 2001a). 
Unfortunately, the exact duration of delayed feed availability is not always well-defined in 
studies. Some studies define the time till first feed intake only after all chickens were pulled 
from the incubator, therewith ignoring possible interactions of delayed feed availability 
with moment of hatch, while in other studies these two factors interacted (Careghi et al., 
2005; Van de Ven et al., 2011). An interaction between delayed feed availability and moment 
of hatch implies that direct feed access may have differentiated effects on broiler chickens 
of various biological ages (early, midterm, or late hatchers).
Feed C omposit ion
Various studies have examined the effect of feed composition during the first week of life 
on short and long-term growth and development of broiler chickens: individual ingredients 
(Noy and Sklan, 1999; Van den Brand et al., 2010), protein levels and sources (Noy and 
Sklan, 2002; Longo et al., 2007; Everaert et al., 2010; Wijtten et al., 2012a), minerals (Maiorka 
et al., 2004; Garcia et al., 2006), cellulose (Noy and Sklan, 2002), and macro nutrient ratios 
(Swennen et al., 2009). Substantial attention has been given to the importance of protein 
level and quality in relation to intestinal development, which has been reviewed by Wijtten 
et al. (2012b). In general, it can be concluded that deficiencies of essential amino acids or 
imbalances of the amino acid profile may result in impaired intestinal development from 
0 to 7 d of age, by means of reduced villi height and overall intestinal weight. On the 
contrary, an increase of the overall amino acid inclusion levels in feed provided from 0 to 
14 d of age resulted in an increased duodenum weight at approximately 7 d of age (Wijtten 
et al., 2010). 
Although some studies have looked into the inclusion of increased dietary fat levels in the 
diet (Noy and Sklan, 2002; Van den Brand et al., 2010), in general the inclusion of fats and 
oils in a pre-starter diet is considered undesirable due to their low digestibility in young 
broiler chickens compared to starch (see Digestive status during the first week of life). 
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Based on the perception that fats and oils are generally not well digestible in young broiler 
chickens, diets fed during this age period are often rich in carbohydrates (Sklan, 2001). 
Consequently, limited research has been conducted related to the role of dietary fats and 
oils in diets for broiler chickens during the first week of life. 
THESIS AIM
The aim of this thesis is to determine effects of the moment of first feed intake after hatch 
and the effect of feed composition (with special attention to dietary fat inclusion) on broiler 
chickens during the first week of life as well as short and long-term effects on growth, 
metabolic status, organ development, and carcass composition. 
OUTLINE OF THE THESIS
The first part of this thesis describes effects of the moment of first feed intake after hatch 
on growth performance and physiological development of chickens. In Chapters 2 and 3, 
studies are described that focused on the effect of the spread of hatch related to the moment 
of first feed intake after hatch (Chapter 2), as well as the moment of first feed intake after 
hatch related to the inclusion of dietary fats (soybean oil, fish oil, or medium chain fatty 
acids; Chapter 3) on broiler chicken growth, organ development, carcass composition, and 
(humoral) immune status. 
The second part of this thesis describes the effects of feeding increased diet densities during 
the first week of life, coinciding with increased dietary fat levels, on growth and metabolism 
(Chapter 4) as well as digestive organ size and nutrient utilization (Chapter 5) of broiler 
chickens. Subsequently, Chapter 6, refers to a study where the potential long-term effects 
of feeding increased diet densities during the first week of life on growth and carcass 
composition were examined. In Chapter 7, the results obtained from the studies described 
in Chapters 2 till 6 are combined and discussed. 
GENERAL INTRODUCTION |  19
1
REFERENCES
Baarendse, P. J. J., M. Debonne, E. Decuypere, B. Kemp, and H. Van den Brand. 2007. 
Ontogeny of avian thermoregulation from a neural point of view. World’s Poult. Sci. J. 
63:267-276. doi:10.1017/S0043933907001456
Bar-Shira, E., and A. Friedman. 2006. Development and adaptations of innate immunity 
in the gastrointestinal tract of the newly hatched chick. Dev. Comp. Immunol. 30:930-
941. doi:10.1016/j.dci.2005.12.002
Bar-Shira, E., D. Sklan, and A. Friedman. 2003. Establishment of immune competence in 
the avian galt during the immediate post-hatch period. Dev. Comp. Immunol. 27:147-
157. doi:10.1016/S0145-305X(02)00076-9
Batal, A. B., and C. M. Parsons. 2002a. Effect of fasting versus feeding oasis after hatching 
on nutrient utilization in chicks. Poult. Sci. 81:853-859. doi:10.1093/ps/81.6.853
Batal, A. B., and C. M. Parsons. 2002b. Effects of age on nutrient digestibility in chicks fed 
different diets. Poult. Sci. 81:400-407. doi:10.1093/ps/81.3.400
Batal, A. B., and C. M. Parsons. 2003. Utilization of different soy products as affected by 
age in chicks. Poult. Sci. 82:454-462. doi:10.1093/ps/82.3.454
Batal, A. B., and C. M. Parsons. 2004. Utilization of various carbohydrate sources as affected 
by age in the chick. Poult. Sci. 83:1140-1147. doi:10.1093/ps/83.7.1140
Biggs, P., C. M. Parsons, and G. C. Fahey. 2007. The effects of several oligosaccharides on 
growth performance, nutrient digestibilities, and cecal microbial populations in young 
chicks. Poult. Sci. 86:2327-2336. doi:10.3382/ps.2007-00427
Bohórquez, D.V. 2010. Nutritional influences on the ultra-structural development of the 
small intestinal epithelium of the perinatal turkey embryo and poult. PhD Thesis. North 
Carolina State University, NC, United States. 
Careghi, C., K. Tona, O. Onagbesan, J. Buyse, E. Decuypere, and V. Bruggeman. 2005. The 
effects of the spread of hatch and interaction with delayed feed access after hatch on 
broiler performance until seven days of age. Poult. Sci. 84:1314-1320. doi:10.1093/
ps/84.8.1314
CHAPTER 120  | 
Christensen, V. L. 2009. Development during the first seven days post-hatching. Avian Biol. 
Res. 2:27-33. doi:10.3184/175815509X430417
Corless, A. B., and J. L. Sell. 1999. The effects of delayed access to feed and water on the 
physical and functional development of the digestive system of young turkeys. Poult. Sci. 
78:1158-1169. doi:10.1093/ps/78.8.1158
De Oliveira, J. E., S. Druyan, Z. Uni, C. M. Ashwell, and P. R. Ferket. 2009. Prehatch 
intestinal maturation of turkey embryos demonstrated through gene expression patterns. 
Poult. Sci. 88:2600-2609. doi:10.3382/ps.2008-00548
De Oliveira, J. E., Z. Uni, and P. R. Ferket. 2008. Important metabolic pathways in poultry 
embryos prior to hatch. World’s Poult. Sci. J. 64:488-499. doi:10.1017/S0043933908000160
Debonne, M., P. J. J. Baarendse, H. Van den Brand, B. Kemp, V. Bruggeman, and E. 
Decuypere. 2008. Involvement of the hypothalamic-pituitary-thyroid axis and its 
interaction with the hypothalamic-pituitary-adrenal axis in the ontogeny of avian 
thermoregulation: A review. World’s Poult. Sci. J. 64:309-321. doi:10.1017/
S0043933908000056
Decuypere, E., K. Tona, V. Bruggeman, and E. Bamelis. 2001. The day-old chick: A crucial 
hinge between breeders and broilers. World’s Poult. Sci. J. 57:127-138. doi:10.1079/
WPS20010010
Everaert, N., Q. Swennen, S. M. Coustard, H. Willemsen, C. Careghi, J. Buyse, V. Bruggeman, 
E. Decuypere, and S. Tesseraud. 2010. The effect of the protein level in a pre-starter diet 
on the post-hatch performance and activation of ribosomal protein s6 kinase in muscle 
of neonatal broilers. Br. J. Nutr. 103:206-211. doi:10.1017/S0007114509991735
Garcia, A. R., A. B. Batal, and N. M. Dale. 2006. Biological availability of phosphorus sources 
in prestarter and starter diets for broiler chicks. J. Appl. Poult. Res. 15:518-524. 
doi:10.1093/japr/15.4.518
Garcia, A. R., A. B. Batal, and N. M. Dale. 2007. A comparison of methods to determine 
amino acid digestibility of feed ingredients for chickens. Poult. Sci. 86:94-101. doi:10.1093/
ps/86.1.94
Geyra, A., Z. Uni, and D. Sklan. 2001a. The effect of fasting at different ages on growth and 
tissue dynamics in the small intestine of the young chick. Br. J. Nutr. 86:53-61. doi:10.1079/
BJN2001368
GENERAL INTRODUCTION |  21
1
Geyra, A., Z. Uni, and D. Sklan. 2001b. Enterocyte dynamics and mucosal development in 
the posthatch chick. Poult. Sci. 80:776-782. doi:10.1093/ps/80.6.776
Gonzales, E., N. Kondo, E. Saldanha, M. Loddy, C. Careghi, and E. Decuypere. 2003. 
Performance and physiological parameters of broiler chickens subjected to fasting on the 
neonatal period. Poult. Sci. 82:1250-1256. doi:10.1093/ps/82.8.1250
Green, J., T. Kellogg, R. Keirs, and R. Cooper. 1987. Determination of bile acid pool size, 
turnover time, and distribution of male broiler chicks during the first: 6 weeks posthatch 
using sehcat, a gamma ray-emitting bile acid analogue. Poult. Sci. 66:1853-1858. 
doi:10.3382/ps.0661853
Hamal, K. R., S. C. Burgess, I. Y. Pevzner, and G. F. Erf. 2006. Maternal antibody transfer 
from dams to their egg yolks, egg whites, and chicks in meat lines of chickens. Poult. Sci. 
85:1364-1372. doi:10.1093/ps/85.8.1364
Krogdahl, Å. 1985. Digestion and absorption of lipids in poultry. The Journal of Nutrition. 
115:675-685. 
Lammers, A., W. H. Wieland, L. Kruijt, A. Jansma, T. Straetemans, A. Schots, G. den Hartog, 
and H. K. Parmentier. 2010. Successive immunoglobulin and cytokine expression in the 
small intestine of juvenile chicken. Dev. Comp. Immunol. 34:1254-1262. doi:10.1016/j.
dci.2010.07.001
Lilburn, M. S., and S. Loeffler. 2015. Early intestinal growth and development in poultry. 
Poult. Sci. doi:10.3382/ps/pev104
Longo, F. A., J. F. M. Menten, A. A. Pedroso, A. N. Figueiredo, A. M. C. Racanicci, and J. 
O. B. Sorbara. 2007. Performance and carcass composition of broilers fed different 
carbohydrate and protein sources in the prestarter phase. J. Appl. Poult. Res. 16:171-177. 
doi:10.1093/japr/16.2.171
Maiorka, A., N. Magro, H. A. S. Bartels, A. M. Kessler, and A. M. Penz Jr. 2004. Different 
sodium levels and electrolyte balances in pre-starter diets for broilers. Rev. Bras. Cienc. 
Avic. 6:143-146. doi:10.1590/S1516-635X2004000300002
Maiorka, A., E. Santin, F. Dahlke, I. C. Boleli, R. L. Furlan, and M. Macari. 2003. Posthatching 
water and feed deprivation affect the gastrointestinal tract and intestinal mucosa 
development of broiler chicks. J. Appl. Poult. Res. 12:483-492. doi:10.1093/japr/12.4.483
CHAPTER 122  | 
Moran, E. T. 1985. Digestion and absorption of carbohydrates in fowl and events through 
perinatal development. J. Nutr. 115:665-674. 
Moran, E. T. 2007. Nutrition of the developing embryo and hatchling. Poult. Sci. 86:1043-
1049. doi:10.1093/ps/86.5.1043
Murakami, H., Y. Akiba, and M. Horiguchi. 1992. Growth and utilization of nutrients in newly-
hatched chick with or without removal of residual yolk. Growth. Dev. Aging. 56:75-84. 
Nichelmann, M., and B. Tzschentke. 2002. Ontogeny of thermoregulation in precocial birds. 
Comp Biochem Physiol, A: Mol Integr Physiol. 131:751-763. doi:10.1016/S1095-
6433(02)00013-2
Noy, Y., and D. Sklan. 1995. Digestion and absorption in the young chick. Poult. Sci. 74:366-
373. doi:10.3382/ps.0740366
Noy, Y., and D. Sklan. 1999. Different types of early feeding and performance in chicks and 
poults. J. Appl. Poult. Res. 8:16-24. doi:10.1093/japr/8.1.16
Noy, Y., and D. Sklan. 2002. Nutrient use in chicks during the first week posthatch. Poult. 
Sci. 81:391-399. doi:10.1093/ps/81.3.391
Noy, Y., and Z. Uni. 2010. Early nutritional strategies. World’s Poult. Sci. J. 66:639-646. 
doi:10.1017/S0043933910000620
Noy, Y., Z. Uni, and D. Sklan. 1996. Routes of yolk utilisation in the newly-hatched chick. 
Br. Poult. Sci. 37:987-995. doi:10.1080/00071669608417929
Ravindran, V., P. Tancharoenrat, F. Zaefarian, and G. Ravindran. 2016. Fats in poultry 
nutrition: Digestive physiology and factors influencing their utilisation. Anim. Feed Sci. 
Technol. 213:1-21. doi:10.1016/j.anifeedsci.2016.01.012
Sahin, O., Q. Zhang, J. C. Meitzler, B. S. Harr, T. Y. Morishita, and R. Mohan. 2001. Prevalence, 
antigenic specificity, and bactericidal activity of poultry anti-campylobacter maternal 
antibodies. Appl. Environ. Microbiol. 67:3951-3957. doi:10.1128/aem.67.9.3951-3957.2001
Sell, J. L., C. R. Angel, F. J. Piquer, E. G. Mallarino, and H. A. Al-Batshan. 1991. 
Developmental patterns of selected characteristics of the gastrointestinal tract of young 
turkeys. Poult. Sci. 70:1200-1205. doi:10.3382/ps.0701200
GENERAL INTRODUCTION |  23
1
Sklan, D. 2001. Development of the digestive tract of poultry. World’s Poult. Sci. J. 57:425-
428. doi:10.1079/WPS20010030
Sulistiyanto, B., Y. Akiba, and K. Sato. 1999. Energy utilisation of carbohydrate, fat and 
protein sources in newly hatched broiler chicks. Br. Poult. Sci. 40:653 - 659. 
doi:10.1080/00071669987043
Swennen, Q., N. Everaert, M. Debonne, I. Verbaeys, C. Careghi, K. Tona, G. P. J. Janssens, 
E. Decuypere, V. Bruggeman, and J. Buyse. 2009. Effect of macronutrient ratio of the 
pre-starter diet on broiler performance and intermediary metabolism. J. Anim. Physiol. 
Anim. Nutr. 94:375-384. doi:10.1111/j.1439-0396.2009.00918.x
Tancharoenrat, P., V. Ravindran, F. Zaefarian, and G. Ravindran. 2013. Influence of age on 
the apparent metabolisable energy and total tract apparent fat digestibility of different 
fat sources for broiler chickens. Anim. Feed Sci. Technol. 186:186-192. doi:10.1016/j.
anifeedsci.2013.10.013
Tazawa, H., K. Moriya, A. Tamura, T. Komoro, and R. Akiyama. 2001. Ontogenetic study 
of thermoregulation in birds. J. Therm. Biol. 26:281-286. doi:10.1016/S0306-
4565(01)00031-6
Thomas, D. V., V. Ravindran, and G. Ravindran. 2008. Nutrient digestibility and energy 
utilisation of diets based on wheat, sorghum or maize by the newly hatched broiler chick. 
Br. Poult. Sci. 49:429-435. doi:10.1080/00071660802213467
Turner, K., T. Applegate, and M. Lilburn. 1999. Effects of feeding high carbohydrate or fat 
diets. 2. Apparent digestibility and apparent metabolizable energy of the posthatch poult. 
Poult. Sci. 78:1581-1587. doi:10.1093/ps/78.11.1581
Ulmer-Franco, A. M., G. Cherian, N. Quezada, G. M. Fasenko, and L. M. McMullen. 2012. 
Hatching egg and newly hatched chick yolk sac total igy content at 3 broiler breeder flock 
ages. Poult. Sci. 91:758-764. doi:10.3382/ps.2011-01757
Uni, Z., A. Smirnov, and D. Sklan. 2003. Pre- and posthatch development of goblet cells in 
the broiler small intestine: Effect of delayed access to feed. Poult. Sci. 82:320-327. 
doi:10.1093/ps/82.2.320
Van de Ven, L. J. F., A. V. Van Wagenberg, M. Debonne, E. Decuypere, B. Kemp, and H. 
Van Den Brand. 2011. Hatching system and time effects on broiler physiology and 
posthatch growth. Poult. Sci. 90:1267-1275. doi:10.3382/ps.2010-00876
CHAPTER 124  | 
Van den Brand, H., R. Molenaar, I. Van der Star, and R. Meijerhof. 2010. Early feeding 
affects resistance against cold exposure in young broiler chickens. Poult. Sci. 89:716-720. 
doi:10.3382/ps.2009-00432
Wijtten, P. J. A. 2011. Nutrition driven small-intestinal development and performance of 
weaned pigs and young broilers. PhD. Wageningen University, Wageningen.
Wijtten, P. J. A., E. Hangoor, J. K. W. M. Sparla, and M. W. A. Verstegen. 2010. Dietary 
amino acid levels and feed restriction affect small intestinal development, mortality, and 
weight gain of male broilers. Poult. Sci. 89:1424-1439. doi:10.3382/ps.2009-00626
Wijtten, P. J. A., D. M. Lamot, E. Hangoor, J. Greijmans, R. M. Koedijk, and J. K. W. M. 
Sparla. 1961. Differential effects of dietary protein quality and ideal protein level from 0 
to 3 days versus 4 to 14 days of age on performance of male broilers. Proc. 3rd 
Mediterranean Poultry Summit, 6th International Poultry Conference of the Egyptian 
Poultry Science Association, Alexandria, Egypt.
Wijtten, P. J. A., D. J. Langhout, and M. W. A. Verstegen. 2012b. Small intestine development 
in chicks after hatch and in pigs around the time of weaning and its relation with nutrition: 
A review. Acta Agric. Scand. Sect. A Anim. Sci. 62:1-12. doi:10.1080/09064702.2012.67
6061
Willemsen, H., M. Debonne, Q. Swennen, N. Everaert, C. Careghi, H. Han, V. Bruggeman, 
K. Tona, and E. Decuypere. 2010. Delay in feed access and spread of hatch: Importance 
of early nutrition. World’s Poult. Sci. J. 66:177-188. doi:10.1017/S0043933910000243
Yadgary, L., A. Cahaner, O. Kedar, and Z. Uni. 2010. Yolk sac nutrient composition and fat 
uptake in late-term embryos in eggs from young and old broiler breeder hens. Poult. Sci. 
89:2441-2452. doi:10.3382/ps.2010-00681
GENERAL INTRODUCTION |  25
1
*  Cargill Animal Nutrition Innovation Center Velddriel,  
Veilingweg 23, NL-5334LD Velddriel, the Netherlands
†  Adaptation Physiology Group, Wageningen University, 
PO Box 338, NL-6700AH Wageningen, the Netherlands
‡  HatchTech B.V.,  
PO Box 256, NL-3900AG Veenendaal, the Netherlands
CHAPTER 2
Poultry Science (2014) 93: 2604-2614
D. M. Lamot*†
I. B. van de Linde*
R. Molenaar‡
C. W. van der Pol†‡
P. J. A. Wijtten*
B. Kemp†
H. van den Brand†
Effects of moment of hatch and feed 
access on chicken development
CHAPTER 228  | 
ABSTRACT
The current study evaluated effects of hatch moment and immediate feed and water access 
within a 24-h hatch window on chicken growth and development. Five hundred four male 
chickens obtained from a 49-wk-old Ross 308 breeder flock were assigned to 72 cages based 
on hatching moment (early, midterm, or late; selected during periods of 475 to 481, 483 to 
487, and 489 to 493 h after onset of incubation). At the end of each hatching period, 
chickens were moved to the grow-out facility and one-half of the chickens received feed 
and water ad libitum immediately. Remaining chickens received feed and water from 504 
h after onset of incubation (d 0). Body weight gain and feed intake for each cage were 
recorded at d 0, 1, 4, 7, 11, and 18. Chickens were sampled at d 4 and 18 for organ and 
carcass development. Early hatchers had lower BW at placement compared with midterm 
and late hatchers but compensated for this afterward, resulting in a higher BW at d 4 (112.8, 
107.1, and 103.3 g, respectively). From d 0 to 18, early hatchers tended to have higher BW 
gain than both other groups. Relative breast meat yield at d 18, expressed as percentage of 
carcass weight, was higher for early (30.4%) than midterm (28.5%) and late hatchers 
(27.8%). Up to d 7, direct feed access resulted in higher BW gain (6.1%) and feed intake 
(4.2%) compared with delayed feed access. No effect of moment of feed access on feed 
efficiency or organ weights was found. Direct feed access resulted in a higher weight:length 
ratio of the jejunum (12.5%) and ileum (7.5%) at d 4 compared with delayed feed access. 
These results suggest that early hatchers have a different developmental and growth pattern 
than midterm or late hatchers within a 24-h hatch window. A mild delay in feed access after 
hatch affects growth and development during the first week after hatch.
Key words: first week nutrition, hatch window, physiological development, broiler chicken
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INTRODUCTION
Optimal growth and development of a chicken can only be achieved when these are 
supported from the moment of hatch onward. The first week after hatch counts for 
approximately 20% of the lifespan of modern broilers, emphasizing the importance of this 
period for subsequent performance. In current practice, time between hatch and moment 
of first feed intake (FI; holding time) may take up to 72 h because of variation in hatch 
time, chick handling, and transportation time (Noy and Uni, 2010; Willemsen et al., 2010). 
As a result of the delayed time between hatch and moment of first feed intake, early hatched 
chickens spend a relatively long time within the incubator without feed or water access, 
being at risk for dehydration as well as impaired or delayed physiological development. 
This puts the chick at risk because, as Christensen (2009) described, especially around 
hatch the chicken undergoes major physiological transitions, such as maturation of the 
immune and thermoregulatory systems, and the gastrointestinal (GI) tract. Maturation of 
the GI tract can be reflected by overall length and weight as well as villi length and area 
(Uni et al., 1999). Feed deprivation, especially during the first days after hatch, depresses 
intestinal development on the short and long term, reflected by a lower intestinal weight, 
shorter length, lower enzymatic activity, altered villi and crypt cell density, and lower crypt 
depths and villi heights (Corless and Sell, 1999; Geyra et al., 2001a; Gonzales et al., 2003; 
Maiorka et al., 2003).
Unfortunately, the duration and timing of feed deprivation is not always well-defined in 
literature. Some studies vary the time till first FI only after all chickens were pulled 
simultaneously from the incubator, thereby ignoring possible interactions of delayed feed 
access with moment of hatch (i.e., time spent in the incubator until pulling). A study by 
Careghi et al. (2005) found that these two factors (age at hatch and feed + water availability) 
interacted when trying to quantify the effect of hatch moment (i.e., holding time inside the 
incubator) on development and growth during the grow-out period. It appeared that 
especially late hatched chickens may benefit from direct feed access, in contrast to early 
hatched chickens. The relative organ growth from hatch until regular pulling age was 
significantly delayed in chickens withheld from feed and water for 32 h after hatch compared 
with those with direct feed and water access from hatch onward (Van de Ven et al., 2013). 
Maturation of the GI tract was significantly lower for withheld chickens compared with 
chickens with direct feed and water access, reflected in a shorter intestinal length (-20%). 
Also, relative spleen (-44%) and liver (-31%) weights were reduced as a consequence of 
delayed feed and water access until pulling. In the same study, early hatched chickens were 
found to have lower glucose and thyroxine levels directly after hatch compared with midterm 
and late hatched chickens (Van de Ven et al., 2013). Moreover, these physiological and 
metabolic differences between groups of early, midterm, and late hatched chickens directly 
after hatch had disappeared when measured at pulling (515 h after onset of incubation).
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In studies conducted until now, the hatch window was often longer than 30 h. It is unknown 
if physiological differences between early, midterm, and late hatched chickens remain when 
the hatch window is shorter. In addition, studies to quantify the physiological and metabolic 
effects of hatch moment and feed access mainly focus on the first week after hatch. As a 
consequence, potential crossover effects of hatch moment and moment of feed access on 
organ growth or carcass composition at a later age are rarely considered. 
The objective of this study was to examine the effect of direct versus delayed feed and water 
access immediately after hatch on growth, organ development, and carcass composition of 
chickens hatched at different intervals within a short (24 h) hatch window until d 18 of age. 
MATERIALS AND METHODS
All procedures in this study were approved by the Ethical Committee of the Animal Sciences 
group of Wageningen University and Research Centre, Lelystad, the Netherlands.
Experimental  design
In this study, the effects of hatch moment within a 24-h hatch window and moment of feed 
and water access after hatch were studied using a 3 × 2 factorial design. Treatments were 
hatch moment (475 to 481, 483 to 487, and 489 to 493 h after onset of incubation) and 
moment of feed and water access after hatch. The latter was either direct (within 0.5 h from 
the moment of pulling; 481.5, 487.5, and 493.5 h after onset of incubation) or delayed (504 
h after onset of incubation). Per hatch moment, 168 male chickens were evenly distributed 
over 24 cages (n = 72 cages total). The average biological age of early, midterm, and late 
hatched chickens at placement in the grow-out unit was 478, 485, and 491 h after onset of 
incubation, respectively. One-half of the cages received ad libitum feed and water directly 
after placement. In the remaining cages, ad libitum feed and water were provided from 504 
h after onset of incubation (d 0) onward. Early, midterm, and late hatched chickens with 
delayed feed access had approximately 26, 19, and 13 h of no feed and water access after 
hatch, respectively.
Incubation
Hatching eggs (n = 3,218; weight range 56 to 79 g) of a Ross 308 breeder flock (49 wk of 
age) were incubated from embryonic day (E) 0 to E18 at an eggshell temperature of 37.8°C 
and 55.0% RH using 2 NatureForm NMC 2340 incubators (NatureForm Inc., Jacksonville, 
FL). Eggs with cracked, dirty, or deformed shells were excluded from the study at the 
moment of allocation. At E14, eggs were candled and at E18 eggs were transferred into 
hatching baskets within the same incubators. From E18 onward, both incubator 
temperatures were fixed at 32.7°C. 
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The number of hatched chickens and sex ratio were recorded at a 2-h interval from 469 h 
of incubation onwards to determine the actual hatch window and to mark male chickens 
as being early, midterm, or late hatched chickens. Male chickens were only marked when 
cleared from the shell. 
Newly hatched chickens were colored on the head using felt pens having different colors, 
meaning that the moment of hatch could be taken into account while allocating chickens 
in the grow-out unit. The room temperature in which the incubators were located was 
increased until approximately the same temperature as the set incubator temperature to 
minimize temperature fluctuations and to reduce the potential effect on hatchability of the 
nonhatched eggs. At the end of each hatch period (early, midterm, or late), the male 
chickens were directly transferred to a unit for the grow-out period until d 18 posthatch. 
Grow-out  housing and management
For the grow-out period, a unit was available containing 72 cages (50 × 50 cm) with a 
housing capacity of 7 chickens per cage. The 6 treatments were randomly assigned to cages 
within 12 blocks, resulting in 12 replicates per treatment. Cages had a raised wire floor 
covered with a rubber pad. Artificial lighting was set for 23 h/d from d 0 to 2, 16 h/d from 
d 2 to 6, 21 h/d from d 6 to 7, and 18 h/d from d 7 to 18. Temperature was set to gradually 
decrease by 0.5°C per day during the first 14 d, from 34°C at d 0. From d 14 onward, the 
temperature was set to gradually decrease until a final temperature of 26°C was reached at 
d 18. At the start of the study, feed was supplied using a small feeder placed within the cage, 
positioned on top of a paper cover, which in turn was placed on top of the wire floor and 
rubber pad. From d 4 onward, the feed was supplied in a metal feeder trough placed in 
front of the cage. Each cage was equipped with two nipple drinkers adjustable in height. A 
commercially available prestarter diet (2.0 mm pellet; 3,100 kcal of AMEn, 1.30% true fecal 
digestible lysine) was provided from d 0 to 4, followed by a commercially available starter 
diet (2.5 mm pellet; 2,750 kcal AMEn, 1.06% true fecal digestible lysine) from d 4 to 18. 
Data col lect ion
At 504 h after onset of incubation (d 0), hatchability was calculated as percentage of total 
placed eggs and as a percentage of fertile eggs (eggs which contained living embryos after 
E14). Feed consumption and BW were determined at placement and d 0, 1, 4, 7, 11, and 
18 during the grow-out period. Individual BW were collected at placement and d 18, 
whereas for the remaining BW weighings only cage weights were collected. The FI 
measurements were recorded per cage. 
The G:F ratio was calculated based on calculated BW gain and FI. At d 4 and 18, 1 randomly 
chosen chicken was weighed, killed and dissected per cage to determine organ weights of 
heart, proventriculus plus gizzard, liver, pancreas, bursa, residual yolk (d 4 only), and breast 
fillet (d 18 only). Chickens were killed by cervical dislocation at d 4 and by carbon dioxide 
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at d 18. Chickens were not feed deprived in advance of dissection and organ weights were 
calculated as a percentage of the fed BW, except for breast meat yield, which was calculated 
as a percentage of empty carcass weight. Carcass weight included feathers, head, blood, and 
legs. For the intestinal tract, the empty weight and length of the duodenum (duodenal loop 
excluding pancreas), jejunum (end duodenum to Meckel’s diverticulum), ileum (Meckel’s 
diverticulum to ileal-caecal junction), and cecum were measured. Intestines were emptied 
by gentle squeezing. The midsection (1 cm) of each intestinal part was collected at d 4 and 
stored in formaldehyde solution. Cross-sections of each part were made and stained using 
haematoxyline-eosine (GD Deventer, Deventer, the Netherlands). Samples were subjected 
to histological analysis (villi length and width) using digital microscopy software (Motic 
Images Plus 2.0, Motic Instruments Inc., Richmond, Canada).
Stat ist ica l  analysis
Data were subjected to mixed model analysis using the PROC MIXED procedure in SAS 
(Version 9.3, 2011, SAS Institute Inc., Cary, NC) according to the statistical model: 
Yijk = μ + αi + γj + α × γij + bk + εijk
where Yijk = dependent variable, μ = overall mean, αi = fixed effect of hatch moment (i = 
early, midterm, or late), γj = fixed effect of moment of feed access after hatch (direct or 
delayed), bk = random block effect inside grow-out unit (k = 1, 2, ..., 12), and εijk = residual 
error. Data were analyzed, using cage as the experimental unit. Data are expressed as least 
square means. Effects were considered to be significant when P ≤ 0.05. 
RESULTS
G eneral
Average fresh egg weight was 68.1 g. At candling (E14), 434 eggs (13.5% of total) were 
removed. Overall hatchability was 97% of fertile eggs. The majority of the chickens hatched 
within a window of 24 h. Of all placed eggs, 6.3% hatched either before the early hatch 
period or after the late hatch period.
Hatch moment  × feed access
At d 0, direct feed access increased BW for early hatched chickens, whereas it did not for 
midterm and late hatched chickens (P = 0.001; Table 1). Direct fed early hatched chickens 
had a higher BW compared with early hatched chickens witheld from feed and water (5.3%), 
whereas this effect was smaller for midterm (1.6%) and late hatched chickens (0.2%). 
Relative heart weight at d 4 in delayed fed late hatched chickens was higher compared with 
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directly fed late hatched chickens (0.13%), whereas this was not found for early (-0.05%) 
and midterm (-0.02%) hatched chickens (P = 0.047; Table 2). At d 18, the relative liver 
weight was higher (0.14%) for direct fed early hatched chickens compared with delayed fed 
early hatched chickens, whereas for midterm hatched chickens this was found to be the 
other way around (P = 0.042; Table 2). Midterm hatched chickens with direct feed access 
had larger relative bursa weights at d 18 compared with midterm hatched chickens with 
delayed feed access (0.04%), whereas this was opposite in early (-0.03%) and late (-0.01%) 
hatched chickens (P = 0.014; Table 2).
Hatch moment
At placement in the grow-out facility, early hatched chickens had lower BW compared with 
late hatched chickens, with midterm hatched chickens in between (P < 0.001; Table 1). At 
d 4, early hatched chickens had a higher BW compared with midterm (5.3%) and late (9.2%) 
hatched chickens, and midterm hatched chickens had a higher BW (3.7%) compared with 
late hatched chickens (P < 0.001). From d 0 to 4, the early hatched chickens had a higher 
FI and BW gain compared with midterm and late hatched chickens, and midterm hatched 
chickens had a higher FI and BW gain compared with late hatched chickens (P < 0.001; 
Table 1). The higher FI for early hatched chickens persisted until d 11 (P = 0.022). Midterm 
hatched chickens had a higher G:F ratio from d 7 to 11 compared with early (0.010) and 
late (0.009) hatched chickens (P = 0.020; Table 1). For the overall period (d 0 to 18), the 
absolute BW gain and FI tended (P = 0.058 and P = 0.077) to be higher for early and late 
hatched chickens, with midterm hatched chickens in between (Table 1). Absolute breast 
meat yield at d 18, expressed as a percentage of carcass weight, was higher for early (30.4%) 
versus midterm (28.5%) and late (27.8%) hatched chickens (P < 0.001; Table 2). Midterm 
hatched chickens were found to have lower duodenum villi width at d 4 compared with 
early (-19.7%) and late (-16.3%) hatched chickens (P = 0.048; Table 4). In addition, the 
ileum and cecum weight to length ratio at d 18 were higher for early versus midterm and 
late hatched chickens (P = 0.006 and 0.001; Table 5), mainly caused by a higher intestinal 
weight. No effect of hatch moment on other organ size was found, including the residual 
yolk.
Feed access
At d 4, chickens with direct feed access had a higher BW (3.3%) compared with chickens 
with delayed feed access (P < 0.001; Table 1). From d 0 to 4, the direct fed chickens had a 
higher FI (3.6%) and BW gain (4.1%) compared with delayed fed chickens (P < 0.001; Table 
1). Moment of feed access after hatch did not affect organ weights (including the residual 
yolk), whereas direct feed access resulted in a higher weight:length ratio of jejunum (12.5%) 
and ileum (7.5%) at d 4 compared with delayed feed access (P = 0.002 and P = 0.029), 
mainly caused by a shortened ileum length (20.6 cm/kg of BW; P = 0.020) and higher 
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relative jejunum weight (0.19% of BW, respectively; P = 0.017; Table 3). Furthermore, villi 
width of the duodenum at d 4 was smaller for direct fed chickens versus delayed fed chickens 
(83 vs. 94 µm; P = 0.043; Table 4). At d 18, delayed feed access increased jejunum weight 
to length ratio compared with direct fed chickens (26.92 vs. 25.25 mg/mm, respectively; P 
= 0.030; Table 5). The relative duodenum weight was higher for delayed fed chickens (0.07% 
of BW; P = 0.025), whereas the cecum weight was higher for direct fed chickens (0.06% of 
BW; P = 0.010).
DISCUSSION
Hatch moment  × feed access
The interaction found at d 0 for hatch moment and feed access shows that especially early 
hatched chickens benefit from direct feed access compared with midterm and late hatched 
chickens. This corresponds with previous research (Sklan et al., 2000; Van de Ven et al., 
2013) and can be explained by early hatched chickens spending the longest time without 
feed and water when subjected to delayed feed and water access compared with midterm 
and late hatched chickens (in the current study, 26 vs. 19 and 13 h, respectively). This 
interaction is inherent to the experimental design and it is hypothesized that it (most likely) 
does not occur when chickens from different hatch moments receive an identical period 
of delayed feed access after hatch. It has even been suggested that when using such a design, 
especially late hatched chickens appear to benefit from direct feed access after hatch 
(Careghi et al., 2005; Wang et al., 2014). This can be explained by late hatched chickens 
being more mature in development at the moment of hatch. To differentiate between studies 
and time intervals used for moment of first feed and water intake, as well as measurements 
on BW gain and FI intake after hatch, Careghi et al. (2005) made a distinction for chickens 
in biological and chronological age. This study, in which chickens from various biological 
ages (defined by hatch moment) were weighed at and fed for a standardized chronological 
age, reflects current practice in which eggs are hatched within housing systems that provide 
direct feed and water access.
Chickens in this study suffered from weight loss between placement and d 0 irrespective 
of hatch moment and feed access directly after hatch. This might be due to the metabolic 
status directly after hatch in which glycogen reserves are depleted and plasma lactate levels 
increased (De Oliveira et al., 2008; Molenaar et al., 2011) and the chicken requires some 
time to recover from this. Another explaination can be that chickens continue to develop 
after hatch by investment in organ development and growth of the digestive system, 
irrespective of feed access. When no exogenous feed and water is provided, the residual 
yolk contents are primarily used as an energy supply. Previous research has shown that 
conversion of residual yolk into body tissue is not 1:1 (Molenaar et al., 2010), resulting in 
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BW loss. In case of direct feed and water availability after hatch, the relative low feed and 
water intake during the first hours after hatch cannot compensate for the absolute BW 
weight loss due to residual yolk consumption and potential dehydration due to the 
environmental temperature in which the chicken hatches. Although direct feed and water 
access can partially compensate for BW loss, it appears from this study that it will not do 
so entirely. Lastly, BW loss between hatch and d 0 may depend on management conditions 
(Van de Ven et al., 2013). In the study of van de Ven et al (2013), chickens hatched in a 
traditional incubator suffered from BW loss between hatch and pulling but not when in a 
combined hatching and grow-out facility. This difference might be explained by chick 
handling after pulling including additional stress, which is avoided when chickens hatch 
directly in a grow-out facility.
Table 4. The effect of hatch moment and moment of feed access after hatch on intestinal villi length and 
width development of chickens at d 4, expressed as least square means1 
Intestinal villi length, µm Intestinal villi width, µm
Hatch moment Feed access Duodenum Jejunum Ileum Duodenum Jejunum Ileum
Early Direct 486 410 373 91 69 72
Delayed 568 481 274 101 61 69
Midterm Direct 520 414 377 73 84 52
Delayed 419 436 316 82 86 66
Late Direct 626 368 334 83 80 69
Delayed 462 329 321 101 64 72
SEM (n = 12) 132 59 36 8 11 42
Hatch moment
 Early 527 445 324 96a 65 70
 Midterm 469 425 347 77b 85 59
 Late 544 348 327 92a 72 70
SEM (n = 24) 76 34 24 5 9 27
Feed access
 Direct 544 397 361 83b 78 64
 Delayed 483 415 304 94a 70 69
SEM (n = 36) 57 28 24 4 9 31
P-values
 Hatch moment x Feed access 0.377 0.511 0.422 0.565 0.555 0.869
 Hatch moment 0.746 0.130 0.739 0.048 0.112 0.921
 Feed access 0.449 0.623 0.112 0.043 0.377 0.902
a,bEffect means within columns with no common superscript differ significantly (P ≤ 0.05).
1One bird dissected per cage.
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The interaction for hatch moment and feed access in the present study on bursa weight at 
d 18 does not correspond with previous research in which delayed feed access after hatch 
seemed to result in smaller relative bursa weights compared with direct fed chickens (Dibner 
et al., 1998; Bar-Shira et al., 2005). In this study, only a numeric reduction in bursa weight 
was observed in early hatched chickens. 
This can partially be explained due to the extended periods of delayed feed access after 
hatch (24 to 72 h) in previous studies, whereas in this study this period was a maximum 
of 26 h for the early hatched chickens. The difference in bursa size was only observed at 
d 18, although it could be expected that this difference also would occur at an earlier age 
(d 4) as demonstrated by Dibner et al. (1998) and Bar-Shira et al. (2005) in case of a 
longer period of delayed feed access after hatch. The lower bursa weight as such can be 
explained by the delayed appearance of biliary IgA and germinal centers due to delayed 
feed access, after which reduced lymphocyte proliferation then results in a less mature 
state of the bursa (Dibner et al., 1998) and delayed increased of B and T cell populations 
(Bar-Shira et al., 2005). 
Although early feed access and hatch window did not interact for BW gain d 0 to 18 (P = 
0.268), the effect of feed access on weight gain from d 0 to 18 seemed to be almost entirely 
explained by the treatment of early hatched chickens (3.8 vs. -0.5 vs. 1.3% difference in BW 
gain d 0 to 18, for early, midterm, and late hatched chickens, respectively, having direct vs. 
delayed feed access). This can be explained by early hatched chickens having relatively more 
time to consume feed between placement in the grow-out facility and the measurement on 
d 0 compared with midterm and late hatched chickens.
Hatch moment
At placement, BW of early hatched chickens was lower compared with midterm and late 
hatched chickens, whereas this was found to be the other way around at d 4. This effect has 
not been observed in previous studies focusing on hatch moment within the hatch window 
(Careghi et al., 2005; Van de Ven et al., 2011). This can be explained by an increased FI and 
growth time (increased relative growth) of early hatched chickens from d 0 to 4 compared 
with midterm and late hatched chickens. However, in previous research, it was found that 
not early but late hatched chickens have increased relative growth compared with chickens 
hatched at other hatch moments. The observed effect in BW gain d 0 to 4 may again also 
be caused by the different periods in delayed feed access between early (26 h), midterm (19 
h), and late (13 h) hatched groups of chickens combined with BW measurements at 
chronological age (interaction hatch moment × feed access).
At d 18, the BW of early hatched chickens was only numerically higher compared with 
midterm and late hatched chickens. Although in this study the trend remained, the effect 
of hatch moment within the hatch window on long-term growth seems to disappear as the 
chicken ages. It is hypothesized that this is related to the relatively small time differences 
MOMENT OF HATCH AND FEED ACCESS |  41
2
between hatch moments. Breast meat yield at d 18 was higher for early hatched chickens 
compared with midterm and late hatched chickens. Thus far, differences in carcass 
development (e.g., breast meat percentage) have only been linked with the effect of feed 
acces and not with the effect of hatch moment. It is clearly described that delayed feed 
access results in delayed satellite cell proliferation, involved in muscle development (Halevy 
et al., 2003; Moore et al., 2005). To the authors’ knowledge, the effect of hatch moment on 
carcass composition at moment of slaughter has never been the primary subject of research, 
although several studies looked at BW at slaughter age. A previous study determined the 
proportional breast muscle weight at hatch and at d 5 for chickens hatched at different 
moments in time (Wang et al., 2014), whereas again long-term effects (>14 d of age) were 
not considered.
Results suggest that early hatched chickens physiologically differ from midterm and late 
hatched chickens, with a tendency for long-term differences. Recent literature by van der 
Ven et al (2013) also suggests that early hatched chickens differ from later hatched chickens 
from a metabolic point of view. Early hatched chickens were found to have lower metabolite 
concentrations (glucose) in blood serum directly after hatch compared with midterm and 
late hatched chickens. Although the differences in glucose concentration were not 
confirmed, in the study of Wang et al. (2014) glycogen tended to be lower in early hatched 
chickens compared with midterm and late hatched chickens. The described metabolic 
differences at hatch might not explain differences found in carcass composition at later age 
though. In this study, no effects of hatch window on organ growth (besides the heart) were 
found. This is in contrast to other studies, in which for example lungs, bursa and stomach 
weights were already different among chickens obtained from different hatch moments 
directly after hatch (Van de Ven et al., 2013). This might be related to differences in the 
overall hatch window, which was relatively short in this study compared with others, 
reducing the potential differences between treatment groups. It should be noted that in this 
study, chickens (due to practical reasons) were only kept till d 18 and therefore it remains 
unknown if the altered carcass composition remains until slaughter. 
Feed access
Early, midterm, and late hatched chickens with delayed feed access spent approximately 
26, 19, and 13 h after hatch, respectively, without feed and water access. Except for BW at 
d 0, the effect of feed access did not interact with hatch moment on growth performance.
The beneficial effect of direct feed access on BW gain and FI during the first week after 
hatch corresponds with earlier research (Bigot et al., 2003; Juul-Madsen et al., 2004), 
although in many of those studies the applied delayed feed access was often much longer 
(19 h average in current study vs. 24 to 48 h in previous studies). These results suggest that 
the effect of delayed feed access after hatch might be underestimated, especially during 
suboptimal conditions, considering that a feed deprivation period of less than 24 h can 
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already have an effect on short-term growth performance. However, chickens seem to be 
able to compensate for a relatively short period of delayed feed access after hatch, as in this 
study the differences in growth performance did not persist until 18 d of age.
The increased growth performance of direct fed chickens cannot be explained by more 
rapid relative organ development when comparing organ size of direct versus delayed fed 
chickens at d 4. Therefore, it seems more plausible to explain differences in performance 
by considering the detrimental effect of delayed feed access on development and functioning 
of the GI tract during the first days after hatch. This is further supported by earlier findings 
in which peak development of the intestinal tract in chickens was found to occur around 
3 to 8 d of age, suggesting a high nutritional demand to facilitate development from the 
moment of hatch onward (Noy and Sklan, 1997). Intestinal development is not always 
quantified for individual parts of the intestinal tract (duodenum, jejunum, ileum, cecum), 
whereas it appears that some parts, such as the duodenum and jejunum, are more sensitive 
for feed deprivation compared with the ileum by means of affected cellular proliferation 
(Geyra et al., 2001a). This is not confirmed in the current study, despite that delayed feed 
access resulted in a lower weight to length ratio of jejunum and ileum at d 4 compared with 
the direct feed access group. It can be hypothesized that a lower weight to length ratio is 
the result of a less developed intestine as measured by villi growth (length, width, and 
density) and this is supported by earlier findings in which delayed feed access directly after 
hatch (48 h) resulted in reduced villi development (Uni et al., 2003). 
However, in this study no differences were found in villi length and width in the jejunum 
and ileum. The higher weight to length ratio of the jejunum for direct fed chickens was 
mainly related to a higher relative weight and no differences were found in villi development. 
This suggests that instead of more rapid villi growth (size) and density, the weight increase 
can be related to another form of intestinal development. For example, proliferation of cells 
during the first days after hatch is not only limited to the crypt base, but covers all epithelial 
cells (reviewed by Wijtten et al., 2012) and delayed feed access is known to negatively affect 
this proliferation rate (Uni, 1999). Although speculative, another suggestion is that direct 
feed acecss facilitates immunological development by faster formation of a microbial 
commensal population, affecting immune cellular development (such as goblet cells) in the 
gut and mucus dynamics (Deplancke and Gaskins, 2001; Dibner et al., 2008). Although it 
remains difficult to draw any solid conclusions on the (long-term) effect of direct or delayed 
feed access on intestinal development, there is definitely an effect of delayed feed access.
Results suggest that early hatched chicken appear to have a different developmental and 
growth pattern compared with midterm and late hatched chicken within a 24-h hatch 
window. Furthermore, direct feed access after hatch positively affects growth and 
development during the first week after hatch. Even a short delay in feed access after hatch 
decreases growth and development during the 4 d after hatch, although to some extend 
this is compensated for in the long-term by means of compensatory growth.
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ABSTRACT
Delayed feed and water access is known to impair growth performance of day old broiler 
chickens. Although effects of feed access on growth performance and immune function of 
broilers have been examined before, effects of dietary composition and its potential 
interaction with feed access are hardly investigated. This experiment aimed to determine 
whether moment of first feed and water access after hatch and pre-starter composition (0 
to 7 days) affect growth rate and humoral immune function in broiler chickens. Direct fed 
chickens received feed and water directly after placement in the grow-out facility, whilst 
delayed fed chickens only after 48 h. Direct and delayed fed chickens received a control 
pre-starter diet, or a diet containing medium chain fatty acids (MCFA) or fish oil. At 21 
days, chickens were immunized by injection of sheep red blood cells. The mortalility rate 
depended on an interaction between feed access and pre-starter compisition (P = 0.014). 
Chickens with direct feed access fed the control pre-starter diet had a higher risk for 
mortality than chickens with delayed feed access fed the control pre-starter diet (16.4 v. 
4.2%) whereas the other treatment groups were in-between. BW gain and feed intake till 
25 days in direct fed chickens were higher compared with delayed fed chickens, whilst gain 
to feed ratio was lower. Within the direct fed chickens, the control pre-starter diet resulted 
in the highest BW at 28 days and the MCFA pre-starter diet the lowest (Δ = 2.4%), whereas 
this was opposite for delayed fed chickens (Δ = 3.0%; P = 0.033). Provision of MCFA resulted 
in a 4.6% higher BW gain and a higher gain to feed ratio compared with other pre-starter 
diets, but only during the period it was provided (2 to 7 days). Minor treatment effects were 
found for humoral immune response by measuring immunoglobulins, agglutination titers, 
interferon gamma (IFN- γ), and complement activity. Concluding, current inclusion levels 
of fish oil (5 g/kg) and MFCA (30 g/kg) in the pre-starter diet appear to have limited 
(carryover) effects on growth and development, as well as on humoral immune function. 
Keywords: first week nutrition, fish oil, medium chain fatty acids, humoral immunity
IMPLICATIONS
Delayed feed intake after hatch for broiler chickens resulted in lower BW gain. Thus, 
changing hatchery and farm management towards direct feeding after hatch can shorten 
the growth period. Feeding medium chain fatty acids (MCFA) during the first week after 
hatch resulted in higher BW gain and improved feed efficiency during the first week after 
hatch. A shortened growth period, as well as improved growth performance due to feeding 
MCFA, may result in economic benefits for the farmer. 
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INTRODUCTION
 Although commonly accepted in modern broiler farming, a delayed first feed and water 
intake for chickens due to spread of hatch, handling at the hatchery and transport to the 
grow-out facility, may impair BW gain and organ growth (Van de Ven et al., 2013; Lamot 
et al., 2014). Additionally, delayed feed intake was found to result in relatively smaller 
immune organ sizes up to at least 2 weeks of age (Bar-Shira et al., 2005). Although delayed 
feed intake seems to have limited effect on (mucosal) immune function in healthy broiler 
chickens (Simon et al., 2014), it does seem to affect the specific antibody response to an 
immune challenge in later life and colonization of T and B lymphocytes in the cecum and 
colon (Bar-Shira et al., 2005). 
The effect of delayed feeding on BW gain and immune function may also interact with diet 
composition. Direct and delayed fed chickens may have different dietary requirements due 
to their metabolic state and as such diets may skew immune function differently when fed 
immediately or delayed. Diet composition is also important during the first days after hatch 
as the gastrointestinal tract is still immature (Christensen, 2009) and enzyme secretion is 
not fully functional. Thereby, nutrient digestibility during the first week after hatch is not 
optimal yet and needs to be accounted for.
While the role of protein and amino acids in pre-starter diets has been studied extensively 
(Wijtten et al., 2010), studies on the use of dietary fat are limited due to the general 
perception that fats are not well digested at that age (Batal and Parsons, 2002; Thomas et 
al., 2008). However, these fats and oils might have an effect on immune function. Two 
profound examples are fish oil (rich in n-3 long chain polyunsaturated fatty acids) and 
medium chain fatty acids (MCFA). Fish oil has been found to reduce inflammatory 
responses at 2 weeks of age when fed to broilers (Korver and Klasing, 1997). On the 
contrary, MCFA (especially lauric acid; C12:0) were found to increase IL-1α expression in 
vitro in a dose response manner through toll-like receptor (TRL-4) activation (Lee et al., 
2001). Although effects of nutrition on immune function in poultry have been extensively 
reviewed (Korver, 2012), most studies do not focus on effects of nutrition in the 1st after 
hatch. Moreover, mostly general effects of feed and water access on immune function and 
function are studied, ignoring effects of diet composition (Walstra, 2011; Simon et al., 
2014). 
The current experiment aimed to determine whether (1) moment of feed and water access 
after hatch and (2) pre-starter composition affected growth rate and innate and specific 
humoral immune function in broiler chickens until 28 days. It is hypothesized that inclusion 
of fish oil or MCFA in a pre-starter diet will result in higher BW gain and feed efficiency 
and altered humoral immune function.
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MATERIALS AND METHODS
The procedures applied in this experiment were approved by the Animal Care and Use 
Committee of the Animal Sciences Group of Wageningen University and Research Centre, 
the Netherlands.
Experimental  design and diets
Effects of moment of first feed and water access (for the remainder referred to as ‘feed 
access’), and pre-starter composition were studied using a 2 x 3 factorial arrangement of 
treatments. Direct fed chickens received feed access directly after placement in the grow-
out facility, whereas delayed fed chickens were withheld from feed access for 48 h after 
placement onward. Pre-starter diets contained either soybean oil (control), fish oil at 5 g/
kg diet, or a MCFA blend at 30 g/kg diet (3 g/kg diet C10:0 and 27 g/kg diet C12:0; Sigma-
Aldrich Chemie B.V., the Netherlands). Fish oil and MCFA were exchanged against soybean 
oil to keep the diets isocaloric. Pre-starter diets (2.0 mm pellet; 0 to 7 days) were followed 
by a starter (2.5 mm pellet; 7 to 14 days) and grower diet (3.0 mm pellet; 14 to 28 days) that 
were similar for all treatment groups. Diets were formulated based on digestibility and 
nutrient data provided by CVB (2007), the compositions of the pre-starter, starter and 
grower diets are provided in Table 1. Pre-starter diets were manufactured using one basal 
diet and together with starter and grower diets produced and pelleted by Research Diet 
Services (the Netherlands). All chicken were fed ad libitum from the moment of feed access 
till the end of the experiment. At 21 days, all chickens were immunized by injection in the 
pectoralis major with 1.0 ml of 25% volume-based sheep red blood cells (SRBC) suspension 
in phosphate-buffered saline.
Housing and management
Hatching eggs (n = 2160; weight range 58 to 69 g) of a Ross 308 breeder flock (42 weeks of 
age) were incubated at a temperature of 37.5°C and 54.0% relative humidity. After removal 
from the incubator, 576 male chickens were kept in a grow-out facility for 28 days. Female 
chickens were excluded from the experiment. The facility contained 96 cages (50 x 50 cm) 
with six chickens per cage. Treatments were randomly assigned to cages within 16 blocks, 
resulting in 16 replications per treatment. Cage floors were covered with 2 cm of wood 
shavings. Each cage was equipped with two nipple drinkers adjustable in height. Artificial 
lighting was set to 23 h/day from 0 to 2 days, 20 h/day from 2 to 6 days and 18 h/day from 
6 days onwards. Temperature was set at 34°C at the start and set to decrease gradually until 
a final temperature of 22.1°C was reached at 18 days. Temperature was fixed at this level 
for the remainder of the experiment.
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Table 1. Ingredient and nutritional composition of the experimental diets
Item
Pre-starter 
control
0-7 d
Pre-starter 
fish oil
0-7 d
Pre-starter 
MCFA1
0-7 d
Starter
diet
7-14 d
Grower 
diet
14-28 d
Ingredient composition, g/kg (as fed)
  Corn 401.3 400.8 403.0 427.9 447.7
  Wheat 100.0 100.0 100.0 200.0 200.0
  Soybean meal (>48% CP) 341.8 341.9 341.5 302.8 279.7
  Potato protein (77% CP) 37.5 37.5 37.5 - -
  Corn gluten meal 37.5 37.5 37.5 - -
  Soybean oil 31.4 26.8 0.02 20.5 30.1
  C10:02 - - 3.0 - -
  C12:02 - - 27.0 - -
  Fish oil - 5.0 - - -
  Limestone 16.6 16.6 16.6 17.0 13.5
  Monocalciumphosphate 16.4 16.4 16.4 13.6 11.5
  Salt 4.26 4.26 4.26 2.17 2.13
  Sodiumbicarbonate 0.96 0.96 0.97 2.46 1.81
  DL-Methionine 1.96 1.96 1.96 2.11 1.95
  L-Lysine HCL 0.34 0.34 0.35 1.43 1.53
  L-Threonine - - - 0.18 0.18
  Premix starter3 10.0 10.0 10.0 10.0 -
  Premix grower4 - - - - 10.0
Calculated chemical composition, g/kg (as fed)
  Ash 68 68 68 62 55
  AME, MJ/kg 11.62 11.62 11.62 11.51 11.93
  Lys 14.6 14.6 14.6 11.8 11.3
  Sodium 2.0 2.0 2.0 1.6 1.4
  Potassium 8.5 8.5 8.5 8.2 7.8
  Chloride 3.0 3.0 3.0 2.0 2.0
Analyzed chemical composition, g/kg
  Crude protein 265 271 277 218 208
  Crude fat 58 57 54 46 56
  Crude fiber 23 23 17 25 25
  Dry matter 886 888 893 875 874
  Calcium 10.1 9.6 9.9 10.0 7.7
  Phorphorous 7.1 7.2 7.4 6.9 5.9
1 Medium-chain fatty acids. 2 Sigma-Aldrich Chemie B.V., the Netherlands. 3 Contributed per kilogram of diet: 
vitamin A, 12,000 IU; vitamin D3, 5,000 IU; vitamin E, 30 mg; vitamin K3, 2.3 mg; vitamin B1, 1.0 mg; vitamin 
B2, 4.5 mg; vitamin B6, 2.7 mg; vitamin B12, 20 μg; niacine, 40 mg; D-pantothenic acid, 9 mg; choline chloride, 
500 mg; folic acid, 0.5 mg; biotin, 100 μg; FeSO4.H2O, 150 mg; CuSO4.5H2O, 40 mg; MnO, 100 mg; ZnSo4.H2O, 
145 mg; ; KJ, 2.0 mg; Na2SeO3, 0.56 mg; antioxidant (oxytrap PXN), 125 mg. 4 Supplied per kg diet: vitamin A, 
10,000 IU; vitamin D3, 2,000 IU; vitamin E, 20 mg; vitamin K3, 2.3 mg; vitamin B1, 0.8 mg; vitamin B2, 4.5 
mg; vitamin B6, 1.9 mg; vitamin B12, 20 μg; niacine, 30 mg; D-pantothenic acid, 8 mg; choline chloride, 400 
mg; folic acid, 0.5 mg; biotin, 50 μg; FeSO4.H2O, 150 mg; CuSO4.5H2O, 40 mg; MnO, 100 mg; ZnSo4.H2O, 145 
mg; KJ, 1.9 mg; Na2SeO3, 0.50 mg; antioxidant (oxytrap PXN), 125 mg. 
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Growth performance
Feed intake and BW were determined at 0, 2, 7, 14, 21, 25 and 28 days during the grow-out 
period. Feed intake was recorded per cage, whilst BW was recorded individually. Gain to 
feed ratio was calculated based on calculated BW gain and feed intake per cage.
Immunologica l  analysis
At 2 days (in advance of feed access for delayed fed broiler chickens), one randomly chosen 
chicken per cage was killed by decapitation for blood collection. From 7 days onward, one 
chicken per cage was selected for weekly blood sampling from the brachial vein. In addition, 
a sample was collected at 4 days after immunization (day 25). Blood samples were taken 
before switching to a new feeding phase and in advance of immunization. Serum was stored 
after decantation at -80˚C for further analysis. 
Immunoglobulins. Serum samples were analyzed to detect natural antibodies (NAb), IgM 
and IgY titers against Keyhole Limpet Hemocyanin (KLH) using similar methodology as 
described by Lammers et al. (2004). Antibody titers measured against KLH were expressed 
as the 2log values of the dilutions that gave an extinction closest to 50% of the highest mean 
extinction of a standard positive present on every microtiter plate.
Agglutination titer. Total serum antibody titers to SRBC were only determined at 21, 25 and 
28 days (0, 3 and 7 days post immunization). SRBC antibody titers were assessed by 
agglutination according to methodology previously described by Van der Zijpp and Leenstra 
(1980). Antibody titers measured against SRBC were expressed as the 2log of the reciprocal 
of the highest serum dilution giving complete agglutination.
IFN-γ. Serum was analyzed using a commercial sandwich type ELISA kit (Chicken IFN-γ 
CytoSetTM; cat. no. CAC1233; Invitrogen, CA, USA) and expressed as the amount of 
picogram per mililiter. 
Complement activity. Complement activity was not measured at day 2. Activity was 
measured using a hemolytic technique as described by Parmentier et al. (2002) with an 
adapted light-scattering method. Serum was diluted and incubated with either sensitized 
sheep erythrocytes (Hemolysins, ref. no. 72202; Biomérieux, the Netherlands) to measure 
activity of the classical pathway (CPW) or rabbit erythrocytes to measure activity of the 
alternative pathway (APW). Hemolytic complement activity was scored and expressed as 
‘yes’ or ‘no’ based on lysis of erythrocytes.
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Stat ist ica l  analysis
Data were analyzed in SAS (Version 9.3, 2011, SAS Institute Inc., Cary, NC, USA) using 
cage as the experimental unit. The dietary treatment period (0 to 7 days), grow-out period 
(7 to 21 days) and immunization period (21 to 28 days) were separately analyzed as the 
chicken underwent different physiological processes during these periods.
Growth performance data (BW gain, feed intake, and gain to feed ratio) and immune data 
until 2 days were subjected to mixed model analysis using the PROC MIXED procedure. 
The following statistical model was used: 
Yijk = μ + αi + βj + α x βij + bk + eijk
where Yijk is the dependent variable, μ the overall mean, αi the fixed effect of moment of 
feed access (i = direct or delayed), βj the fixed effect of pre-starter composition (j = control, 
fish oil, or MCFA), bk the random block effect (k = 1, 2, 3, …, 16), and eijk the residual error 
term. For data from 0 to 2 days, effects of feed access and the interaction with pre-starter 
composition were excluded from the model. Mortality data were analyzed as survival data 
to test homogeneity of survival curves, using the PROC LIFETEST procedure. 
Immunological data were considered repeated measures from 7 days onwards and therefore 
subjected to mixed model analysis using the repeated lines statement. Hemolytic 
complement activity was analyzed using the PROC GLIMMIX procedure including the 
repeated lines statement. The three-way interaction between day, feed access and pre-starter 
composition did not solve and was therefore omitted from the model. Output is expressed 
as the chance for a complement response. 
As the applied dietary treatments had only limited effects on humoral immune function, 
outcomes of the immunological analysis are only described in the Results section. However, 
a tabular overview is provided in Supplementary Tables S1 to S4 of Supplementary material 
S1. Although not the aim of the experiment, the current experiment also provided insight 
in general humoral immune responses in time (0 to 28 days) of broiler chickens. These 
results are described in Supplementary material S1 and presented in Supplementary Tables 
S1 to S4 and Supplementary Figure S1.
Data are reported as least square means and differences between treatment means are 
assumed to be significant when P ≤ 0.05.
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RESULTS
G eneral
For mortality from 0 to 28 days, an interaction was found for feed access and pre-starter 
composition (P = 0.014; Figure 1). Chickens with direct feed access fed the control pre-
starter diet had higher risk for mortality than chickens with delayed feed access fed the 
control pre-starter diet (16.4% v. 4.2%).
Dietar y  treatment  period (0  to  7  days)
No interaction was found between feed access and pre-starter composition for any of the 
performance and immune variables from 2 to 7 days. BW gain and feed intake from 2 to 
7 days of direct fed chickens were 34.9 and 54.0% higher compared with fed chickens (both 
P < 0.001; Table 2). Gain to feed ratio was lower for direct fed chickens compared to delayed 
fed chickens (-0.149; P < 0.001; Table 2). 
Provision of MCFA in the pre-starter diet resulted in a higher BW gain from 2 to 7 days 
(4.8% on average; P = 0.010), and a higher gain to feed ratio (1.132 v. 1.102 and 1.094, 
respectively; P = 0.004) compared with the control and fish oil pre-starter diets (Table 2). 
Feed access and pre-starter composition did not affect KLH specific NAb levels, IFN-γ, 
and the complement CPW and APW response during the pre-starter period.
Grow-out  period (7  to  21 days)
A tendency for interaction between feed access and pre-starter composition was found for 
BW gain from 7 to 21 days (P = 0.097; Table 2). Within the direct fed chickens, provision 
of MCFA in the pre-starter diet resulted in a 1.6% lower BW gain compared with the control 
and fish oil containing pre-starter diets, whereas this was opposite for delayed fed chickens 
(3.4% higher BW gain for the MCFA pre-starter diet). BW gain and feed intake from 7 to 
21 days of direct fed chickens were, respectively, 18.5 and 20.3% higher compared with 
delayed fed chickens (both P < 0.001; Table 2). Gain to feed ratio was lower for direct fed 
chickens compared with delayed fed chickens (0.736 v. 0.747; P = 0.005; Table 2). Starter 
diet composition tended to affect the alternative complement pathway response from 7 to 
21 days (P = 0.093), where MCFA and fish oil containing starter diets had a lower chance 
for an APW complement response compared with the control starter diet. Feed access and 
pre-starter composition did not affect KLH specific NAb levels, IFN-γ, and complement 
CPW response during the grow-out period.
Immunization period (21 to  28 days)
The results are reported in Tables 3 and 4. An interaction was found between feed access 
and pre-starter composition for BW at 28 days (P = 0.033; Table 4). Within the direct fed 
chickens, the control pre-starter diet had the highest BW and the MCFA containing pre-
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starter diet the lowest (Δ = 2.4%), whereas this was the opposite for the delayed fed chickens 
(Δ = 3.0%). Furthermore, a tendency for interaction between feed access and pre-starter 
diet was found for feed intake between 21 and 25 days (P = 0.066; Table 4). Within the 
direct fed chickens, the control pre-starter diet had a higher feed intake than the MCFA 
pre-starter diet (Δ = 3.5%), whereas this was opposite in the delayed fed chickens (Δ = 
2.4%). BW gain between 21 and 25 days for direct fed chickens was 7.3% higher compared 
with delayed fed chickens (P < 0.001; Table 3), but no treatment effect was found on BW 
gain from 25 to 28 days. Feed intake from 21 to 28 days of direct fed chickens was 8.3% 
higher compared with delayed fed chickens (P < 0.001; Table 3). Gain to feed ratio from 
21 to 25 days, as well as from 25 to 28 days, was lower for direct fed chickens compared to 
delayed fed chickens (P = 0.001 and P = 0.005; Table 3).
Direct fed chickens had higher serum IFN-γ concentrations compared with delayed fed 
chickens (on average 96.9 v. 80.5 pg/ml; P = 0.017). Furthermore, provision of MCFA in 
the pre-starter diet tended to result in higher IFN-γ concentrations from 21 to 28 days 
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Figure 1. Mortality rate of broiler chickens, expressed per treatment. (1) Direct feed access & control pre-starter, 
(2) direct feed access & fish oil pre-starter, (3) direct feed access & medium chain fatty acids (MCFA) pre-starter, 
(4) delayed (48h) feed access & control pre-starter, (5) delayed (48h) feed access & fish oil pre-starter, (6) delayed 
(48h) feed access & MCFA pre-starter. Feed access effect: P = 0.002, Diet effect: P = 0.428. Moment of feed access 
x diet interaction effect: P = 0.014. Cumulative mortality rates with different superscripts differ significantly at 
P ≤ 0.05.
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compared with the control and fish oil containing pre-starter diets (98.5 v. 84.0 and 83.5 
pg/ml on average from 21 to 28 days; P = 0.074). Feed access and pre-starter composition 
did not affect KLH specific NAb levels, agglutination titers, and the complement CPW and 
APW response during the immunization period.
Table 2. Effects of moment of feed access and pre-tarter composition on BW, BW gain, feed intake and gain 
to feed ratio of broiler chickens 0 to 21 days (LSmeans)1
FA DIET  P values
DIR DEL SEM CONT FISH MCFA SEM FA DIET FA x DIET
n 48 48 32 32 32
BW (g)
0 d 46.1 46.1 0.1 46 46.2 46.1 0.2 0.967 0.519 0.455
21 d 1061A 867B 7 958 964 969 8 <0.001 0.616 0.068
BW gain (g/d)
0-2 - - - 9.6 10.2 10.1 0.2 - 0.263 -
2-7 25.5A 18.9B 0.3 21.9A 21.8A 22.9B 0.3 <0.001 0.010 0.101
7-21 62.0A 52.3B 0.4 56.9 57.3 57.3 0.5 <0.001 0.806 0.097
Feed intake (g/d)
0-2 - - - 7.7 8 7.8 0.1 - 0.362 -
2-7 24.7A 16.0B 0.2 20.2 20.3 20.5 0.3 <0.001 0.636 0.189
7-21 84.2A 70.0B 0.6 76.6 77.5 77.3 0.7 <0.001 0.63 0.180
Gain to feed ratio
0-2 d - - - 1.246 1.272 1.283 0.016 - 0.208 -
2-7 d 1.035A 1.184B 0.007 1.102a 1.094a 1.132b 0.008 <0.001 0.004 0.401
7-21 d 0.736A 0.747B 0.003 0.743 0.74 0.741 0.003 0.005 0.839 0.563
FA = Feed and water access; DIR = Direct access; DEL = Delayed access (48h); DIET = Pre-starter diet; CONT 
= Control; FISH = Fish Oil; MCFA = Medium chain fatty acids. 1 Each cage contained 6 male broilers at the 
start of the experiment. For analysis of data collected from 0 to 2 days, effects of feed and water access and the 
interaction with pre-starter composition were excluded from the model. A,B Values within a row with different 
superscripts differ significantly at P ≤ 0.01.
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Table 3. Effects of moment of feed access and pre-starter composition on BW, BW gain, feed intake and gain 
to feed ratio of broiler chickens 21 to 28 days (LSmeans)1
FA DIET P values
DIR DEL SEM CONT FISH MCFA SEM FA DIET
n 48 48 32 32 32
BW (g)
21 d 1061A 867B 7 958 964 969 8 <0.001 0.616
28 d 1760 1531 10 1645 1645 1647 13 <0.001 0.993
BW gain (g/d)
21-25 d 92.4A 86.1B 1.0 90 89.1 88.6 1.2 <0.001 0.676
25-28 d 109.7 107.0 1.3 108.9 108.5 107.6 1.6 0.109 0.808
Feed intake (g/d)
21-25 d 141.2A 127.1B 1.0 134.3 134.7 133.4 1.2 <0.001 0.741
25-28 d 167.9A 159.2B 1.4 164.6 163.4 162.6 1.7 <0.001 0.621
Gain to feed ratio
21-25 d 0.654A 0.677B 0.005 0.670 0.662 0.665 0.006 0.001 0.577
25-28 d 0.652A 0.673B 0.006 0.662 0.664 0.661 0.007 0.005 0.943
FA = Feed and water access; DIR = Direct access; DEL = Delayed access (48h); DIET = Pre-starter diet; CONT 
= Control; FISH = Fish Oil; MCFA = Medium chain fatty acids. 1 Each cage contained 6 male broilers at the 
start of the experiment. A,B Values within a row with different superscripts differ significantly at P ≤ 0.01.
Table 4. Interaction effects of moment of feed access and pre-starter composition on BW, BW gain, feed intake 
and gain to feed ratio of broiler chickens 21 to 28 days (LSmeans)1
DIR DEL P values
CONT FISH MCFA CONT FISH MCFA SEM FA x DIET
n 16 16 16 16 16 16
BW (g)
21 d 1065 1068 1051 852 861 887 11 0.068
28 d 1778a 1764a 1736a 1511b 1525b 1557b 17 0.033
BW gain (g/d)
21-25 d 94.6 92.7 89.9 85.4 85.5 87.4 1.6 0.089
25-28 d 111.9 108.8 108.4 106 108.1 106.8 2.2 0.409
Feed intake (g/d)
21-25 d 143.1 142.1 138.3 125.5 127.2 128.5 1.7 0.066
25-28 d 171.2 166.8 165.8 158.1 160.1 159.5 2.3 0.195
Gain to feed ratio
21-25 d 0.66 0.652 0.651 0.68 0.672 0.68 0.008 0.790
25-28 d 0.653 0.652 0.653 0.671 0.677 0.67 0.009 0.882
FA = Feed and water access; DIR = Direct access; DEL = Delayed access (48h); DIET = Pre-starter diet; CONT 
= Control; FISH = Fish Oil; MCFA = Medium chain fatty acids. 1 Each cage contained 6 male broilers at the 
start of the experiment. a,b Values within a row with different superscripts differ significantly at P ≤ 0.01.
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DISCUSSION
Moment of  feed access
Delayed feed access resulted in lower BW gain from 0 to 25 days compared with direct fed 
chickens. A lower BW gain might be explained by impaired intestinal development, which 
is a direct consequence of delayed feed access as demonstrated by Noy et al. (2001). Impaired 
intestinal development has been described by a lowered relative weight of the intestinal 
tract, shortened intestinal length, changed villi density, lowered villi height and a lowered 
number of goblet cells per villus (Maiorka et al., 2003). A too long period of feed withdrawal 
may cause a permanent impairment of growth from which chickens do not recover by 
means of compensatory growth and performance. In the current experiment, chickens were 
indeed not capable to recover from delayed feed access for 48 h, although differences 
became smaller and non-significant from 25 days onwards. In the current experiment, the 
partial compensatory growth was reflected by chickens with delayed feed access having a 
higher gain to feed ratio throughout the experimental period than those with direct feed 
access. An improved feed efficiency of broiler chickens from 0 to 21 days after a period of 
feed restriction was found not to be related to a lowered maintenance requirement nor 
continued lower metabolic rate as a consequence of feed restriction. However, a higher 
metabolizable energy intake as a result of a higher feed intake relative to body size, does 
improve feed efficiency (Zubair and Leeson, 1994).
In the current experiment, an interaction was found for mortality rate from 0 to 28 days 
between feed access and pre-starter composition, although this was primarily caused by 
differences between direct and delayed fed chickens that were fed the control pre-starter 
diet. Differences in mortality might relate to the metabolic status of the chicken during the 
first week after hatch. Various studies have suggested a positive relationship between 
restricted feeding and a lowered mortality risk due to lower occurrence of ascites (Balog, 
2003; Wijtten et al., 2010). Delayed feed access after hatch can be considered as a form of 
feed restriction too and as such may cause a similar effect. Feed restriction has been related 
to a lowered metabolic rate and subsequently a lower oxygen requirement, possibly resulting 
in less ascites associated health problems (Wijtten et al., 2010). Therefore, delayed feed 
access after hatch may result in a physiological benefit over direct feeding by means of a 
lowered mortality risk. However, in other research where chickens were delayed fed for 1 
or 2 days, the mortality risk was not affected (Corless and Sell, 1999). In chickens that were 
infected with the malabsorption syndrome, inclusion of MCFA resulted in a lower mortality 
risk (Gutierrez Del Alamo et al., 2007) of which the effect was contributed to the 
antimicrobial properties of MCFA (Van Immerseel et al., 2004). Inclusion of MCFA in a 
pre-starter diet can be hypothesized to have similar antimicrobial properties, possibly 
preventing the colonization of pathogenic microflora associated with increased mortality 
risk. It remains up for discussion then why a similar effect of MCFA on mortality risk was 
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not found in delayed fed broiler chickens and if this for example is related to the amount 
of feed intake or timing of feeding.
Chickens with direct feed access had higher concentrations of IFN-γ 21 to 28 days compared 
with chickens with delayed feed access for 48 h. IFN-γ is predominantly produced by natural 
killer cells as part of the innate immune response, followed by CD4+ and CD8+ T cells 
during the acquired immune response (Schoenborn and Wilson, 2007). This advocates 
that also T cells are capable of producing IFN-γ when stimulated by antigens, next to natural 
killer cells. Delayed feed access may result in delayed colonization of the cecum and colon 
by T cells, as well as expression of IL-2 mRNA in hindgut T cells (Bar-Shira et al., 2005). 
The latter might suggest that chickens with delayed feed access are less able to produce 
IFN-γ around the gastrointestinal tract compared with direct fed chickens, as T cells 
produce IFN-γ in response to IL-2 stimulation.
In the current experiment, delayed feed access did not strongly affect the measured 
parameters for humoral immune function and response after a SRBC challenge, while in 
other experiments the immune response was impaired when exposed to an immunological 
challenge in later life (Bar-Shira et al., 2005; Simon et al., 2015). This suggests that the 
measured immune responses that are initially related to a dietary treatment, may also 
strongly depend on the type of immunological challenge used.
Pre-star ter  composit ion
Inclusion of MCFA in the pre-starter diet resulted in higher BW gain and gain to feed ratio 
(not feed intake) compared with the control and fish oil containing pre-starter diets, but 
only during the period the pre-starter diet was provided (till 7 days). However, a tendency 
for interaction between moment of feed access and pre-starter composition was found as 
well for BW gain and feed intake from 7 to 25 days. It appears that a MCFA pre-starter diet 
is most effective for chickens with delayed feed access and it might be hypothesized that 
inclusion of MCFA in a pre-starter diet had a beneficial effect on the recovery of the 
gastrointestinal tract after an initial period of feed deprivation. MCFA are known to increase 
tight junction permeability of mucosal tissue (Lindmark et al., 1998). Increased tight 
junction permeability may impair the intestinal barrier functionality and may thus result 
in increased susceptibility to pathogens and a transfer of larger toxic molecules. However, 
the disadvantage of increased tight junction permeability seems to be outweighed in an 
intestine that is already damaged, because it may also result in a more rapid absorption of 
nutrients, such as glucose (Ballard et al., 1995). These nutrients may be required as an 
energy source for intestinal recovery. Besides increasing tight junction permeability of 
mucosal tissue, MCFA by themselves may also function as an easily accessible energy supply 
for enterocytes and thus cell recovery due to their relatively high digestibility coefficient at 
hatch compared with other fats (0.86 for polyunsaturated fatty acids v. 0.61 for soybean oil; 
Noy and Sklan, 1995, Turner et al., 1999, Batal and Parsons, 2002). Hence, MCFA might 
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have a beneficial effect in the intestine of delayed fed chickens only during a restoration 
phase, meaning that in direct fed chickens that do not need to restore their intestinal 
integrity, MCFA lack this beneficial effect.
Inclusion of fish oil in the pre-starter diet did not affect natural anti-KLH IgY titers. 
However, Wang et al. (2000) found increased IgY levels (+30%) when feeding layer chickens 
from 0 to 8 weeks of age fed a diet containing 5% fish oil v. sunflower oil, animal oil blend 
or linseed oil. Therefore, the current inclusion level of fish oil (0.5%) may have been too 
low to find effects on the humoral immune system. 
In summary, delayed feed access for day old chicks resulted in lower growth performance 
compared with direct access. Based on partial compensatory growth, it can be suggested 
that the current period of delayed feed access did not result in a permanent impairment of 
the chickens’ growth capacity. Feeding MCFA in the pre-starter diet resulted in higher BW 
gain and gain to feed ratio, but only during the period the diets were provided. Feeding a 
MCFA containing pre-starter diet tends to be most effective for delayed fed broiler chickens 
by means of higher growth performance, but most effective for direct fed chickens with 
respect to a lowered mortality risk. Current inclusion levels of fish oil and MCFA in the 
pre-starter diet appear to have limited (long-term) effects on growth and development, as 
well as on humoral immune function.
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SUPPLEMENTARY MATERIAL
 
RESULTS
Regardless of treatments, expression of natural antibodies (NAb) titers against Keyhole 
Limpet Hemocyanin (KLH) IgM increased as the chicken aged from 7 to 28 days (P<0.001; 
Supplementary Table S2, S3, and Supplementary Figure S1a). NAb anti-KLH IgY was also 
age dependent from 7 to 28 days (P<0.001; Supplementary Table S2, S3, and Supplementary 
Figure S1b), but its expression initially declined from 7 days onwards, reached a lowest 
point at 21 days, increasing again at 25 days and then remaining stable until 28 days. 
Interferon gamma (IFN-γ) concentrations declined from 21 days onwards (P<0.001; 
Supplementary Table S3 and Supplementary Figure S1c). The agglutination titer increased 
from 21 to 28 days of age as a result of sheep red blood cell (SRBC) immunization at 21 
days of age (P<0.001; Supplementary Table S4 and Supplementary Figure S1d). The classical 
(CPW) and alternative (APW) complement pathway were found to be age dependent until 
21 days of age, whereas only the CPW remained age dependent until 28 days of age 
(P<0.001; Supplementary Figures S1e and S1f). 
Summary Table S1. Effects of moment of feed and water access after placement in the grow-out facility and 
pre-starter composition on natural antibody (NAb) Keyhole Limpet Hemocyanin (KLH) IgM and IgY and 
interferon gamma (IFN-γ) in broiler chickens at 2 days of age (LSmeans)1
DIET
CONT FISH MCFA SEM P values
n 32 32 32
IgM (NAb anti-KLH titer) 1.6 1.5 1.5 0.1 0.762
IgY (NAb anti-KLH titer) 7.8 7.8 7.7 0.5 0.971
IFN-γ (pg/ml) 100 99.6 90.8 10.9 0.766
DIET = Starter diet; CONT = Control; FISH = Fish Oil; MCFA = Medium chain fatty acids. 1 One broiler 
chicken sampled per cage. For analysis of data collected from 0 to 2 days of age, effects of feed and water access 
and the interaction with starter diet composition were excluded from the model.
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Supplementary Figure S1 Natural antibody (NAb) anti-Keyhole Limpet Hemocyanin (KLH) IgM (a) and IgY 
titers (b), interferon gamma (IFN-γ) concentrations (c), agglutination titers (d), and complement activity (the 
chance for a response at that age, expressed as percentage) based on the alternative (APW) (e) and classic (CPW) 
(f) complement pathway in broiler chickens from 2 to 28 days in direct fed broiler chickens. Chickens received a 
control, fish oil or medium chain fatty acids (MCFA) containing starter diet from 0 to 7 days. Chickens were 
sensitized with sheep red blood cells at 21 days. Levels that differ within the period from 7 to 21 days (grow-out 
period) are indicated by superscripts labelled a-c, differences within the period from 21 to 28 days (immunization 
period) are indicated by superscripts labelled x-z. Columns with different superscripts differ significantly at P ≤ 
0.05.
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Supplementary Table S3. Effects of moment of feed and water access after placement in the grow-out facility 
and pre-starter composition on natural antibody (NAb) keyhole Limpet Hemocyanin (KLH) IgM and IgY, 
and interferon gamma (IFN-γ) in broiler chickens 21 to 28 days (LSmeans)1
IgM
(NAb anti-KLH titer)
IgY
(NAb anti-KLH titer)
IFN-γ 
(pg/ml)
21 d 25 d 28 d 21 d 25 d 28 d 21 d 25 d 28 d
DIR CONT 3.8 5.9 6.3 2.7 3.9 3.9 153.4 79.3 58.8
FISH 4.1 5.9 6.3 2.3 3.7 4.3 113.3 78.8 55.4
MCFA 4.2 5.5 6.6 2.9 3.2 3.8 155.8 105.5 71.9
DEL CONT 3.7 5.2 6.2 2.7 3.5 3.8 86.8 73.2 52.5
FISH 5.2 5.3 6.0 3.0 3.8 3.7 117.0 79.7 57.3
MCFA 4.3 5.5 6.1 3.1 3.5 3.8 110.4 84.1 63.2
SEM (n = 16) 0.4 0.4 17.0
FA DIR 4.0 5.8 6.4 2.6 3.6 4.0 140.8 87.9 62.0
DEL (48 h) 4.4 5.3 6.1 2.9 3.6 3.8 104.7 79.0 57.7
SEM (n = 48) 0.2 0.2 9.7
DIET CONT 3.8 5.5 6.3 2.7 3.7 3.8 120.1 76.2 55.6
FISH 4.6 5.6 6.2 2.6 3.8 4.0 115.1 79.2 56.3
MCFA 4.2 5.5 6.3 3.0 3.3 3.8 133.1 94.8 67.6
SEM (n = 16) 0.3 0.3 11.8
DAY 4.2A 5.5B 6.3C 2.8A 3.6B 3.9B 122.8A 83.4B 59.8C
SEM 0.2 0.2 6.8
P values
  FA 0.490 0.886 0.017
  DIET 0.586 0.957 0.074
  DAY <0.001 <0.001 <0.001
  FA x DIET 0.704 0.845 0.260
  FA x DAY 0.127 0.389 0.357
  DIET x DAY 0.365 0.250 0.961
  FA x DIET x DAY 0.359 0.615 0.654
FA = Feed and water access; DIR = Direct access; DEL = Delayed access (48h); DIET = Starter diet; CONT = 
Control; FISH = Fish Oil; MCFA = Medium chain fatty acids. 1 One broiler chicken sampled per cage. A,B,C 
Values within a column with different superscripts differ significantly at P < 0.01.
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Supplementary Table S4. Effects of moment of feed and water access after placement in the grow-out facility 
and pre-starter composition on complement activity based on the classical (CPW) and alternative (APW) 
complement pathway, and agglutination titer in broiler chickens 21 to 28 days (LSmeans)1
Agglutination titer Complement 
CPW2 (%)
Complement 
APW2 (%)
21 d 25 d 28 d 21 d 25 d 28 d 21 d 25 d 28 d
DIR CONT 0.0 4.4 6.9 - - - - - -
FISH 0.0 3.0 5.7 - - - - - -
MCFA 0.0 2.8 7.2 - - - - - -
DEL CONT 0.0 2.9 6.2 - - - - - -
FISH 0.0 2.5 6.4 - - - - - -
MCFA 0.0 2.3 5.9 - - - - - -
SEM (n = 16) 0.5 - -
FA DIR 0.0 3.4 6.6 60.0 54.2 77.7 82.6 91.7 99.7
DEL (48 h) 0.0 2.6 6.2 52.3 30.0 83.5 86.9 92.6 99.9
SEM (n = 48) 0.3 9.3 15.3
DIET CONT 0.0 3.7 6.6 63.4 63.4 81.3 95.6 95.4 100.0
FISH 0.0 2.7 6.0 44.7 44.7 74.7 75.3 91.0 97.6
MCFA 0.0 2.5 6.6 60.1 60.1 85.2 72.5 88.6 90.7
SEM (n = 16) 0.3 11.9 8.2
DAY 0.0A 3.0B 6.4C 56.2A 41.6A 80.7B 84.9 92.2 99.9
SEM 0.2 6.3 7.0
P values
  FA 0.549 0.311 0.297
  DIET 0.114 0.356 0.542
  DAY <0.001 <0.001 0.444
  FA x DIET 0.604 0.380 0.368
  FA x DAY 0.144 0.241 0.596
  DIET x DAY 0.593 0.865 0.808
  FA x DIET x DAY 0.180 - -
FA = Feed and water access; DIR = Direct access; DEL = Delayed access (48h); DIET = Starter diet; CONT = 
Control; FISH = Fish Oil; MCFA = Medium chain fatty acids. 1 One broiler chicken sampled per cage. 2 The 
three-way interaction between day, moment of feed and water access and starter diet composition was excluded 
from the model, as it did not solve for that term and therefore had to be omitted. Results expressed as the 
chance (percentage) for a response at that age. A,B,C Values within a column with different superscripts differ 
significantly at P ≤ 0.01.
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DISCUSSION
Considering age dependent immune development in the chicken, the NAb anti-KLH IgM 
titers increased over time, while for NAb anti-KLH IgY the level decreased directly after 
hatch and remained low thereafter. These findings correspond with earlier research (Simon 
et al., 2014). Maternal transfer of NAb IgM from broiler breeders into the egg was found 
to be very limited (Hamal et al., 2006). Therefore, the measured NAb anti-KLH IgM levels 
in the current experiment are supposed to be of endogenous origin. However, there is major 
transfer of maternal NAb IgY to the yolk (Hamal et al., 2006), which is directly absorbed 
from the residual yolk by the chicken at the moment of hatch (Tesar et al., 2008). 
While current results suggest that IFN-γ is already available at a very young age (from 2 
days of age onwards), this does not match earlier research where IFN-γ mRNA expression 
was only marginal in similar aged chickens with a similar period of feed withdrawal (Simon 
et al., 2014). The observed differences might be explained by the fact that in earlier research 
IFN-γ mRNA expression was determined in intestinal tissue (mucosal response), whilst in 
the current study IFN-γ concentrations at the protein level in blood samples were analyzed 
(systemic response). Because IFN-γ was determined in healthy chicken a strong systemic 
response is not likely, whereas direct exposure of intestinal immune cells to bacteria may 
induce stronger pro-inflammatory responses. Moreover, the lack of endogenous sIgA 
production at 21 days could be the reason for enhanced pro-inflammatory cytokine 
induction, because sIgA prevents bacterial translocation and has anti-inflammatory 
properties (Lammers et al., 2010). 
In the current experiment the higher CPW complement activity at 7 days compared to 14 
days of age (Supplementary Figure 1) may be the result of the presence of maternal 
antibodies, because the CPW is antibody dependent (Janeway et al., 2001). At 14 days of 
age maternal antibodies are no longer present, whereas endogenous immunoglobulin 
production is still suboptimal. However, CPW activity between 7 and 21 days of age may 
also be influenced by endogenous produced IgM, because production of this isotype 
precedes IgY production. APW related complement activity only increased from 21 days 
of age onwards (Supplementary Figure 1), but is antibody independent. 
The age dependent increase in agglutination titer is most likely a consequence of SRBC 
immunization. Until now, to our knowledge no literature is available demonstrating age 
related dynamics in complement activity of broiler chickens. 
Concluding, the humoral immune status by means of NAb anti-KLH IgM and IgY, IFN- γ, 
and complement activity (CPW and APW) is strongly age dependent, while the 
agglutination titer is strongly challenge dependent. 
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ABSTRACT
This study aimed to determine effects of diet density on growth performance, energy 
balance, and nitrogen (N) balance characteristics of broiler chickens during the first wk of 
life. Effects of diet density were studied using a dose-response design consisting of 5 dietary 
fat levels (3.5, 7.0, 10.5, 14.0, and 17.5%). The relative difference in dietary energy level was 
used to increase amino acid levels, mineral levels, and the premix inclusion level at the 
same ratio. Chickens were housed in open-circuit climate respiration chambers from d 0 
to 7 after hatch. Body weight was measured on d 0 and 7, whereas feed intake was 
determined daily. For calculation of energy balances, O2 and CO2 exchange were measured 
continuously and all excreta from d 0 to 7 was collected and analyzed at d 7. Average daily 
gain (ADG) and average daily feed intake (ADFI) decreased linearly (P = 0.047 and P < 
0.001, respectively), whereas gain to feed ratio increased (P < 0.001) with increasing diet 
density. Gross energy (GE) intake and metabolizable energy (ME)  intake were not affected 
by diet density, but the ratio between ME and GE intake decreased linearly with increasing 
diet density (P = 0.006). Fat, N, and GE efficiencies (expressed as gain per unit of nutrient 
intake), heat production, and respiratory exchange ratio (CO2 to O2 ratio) decreased linearly 
(P < 0.001) as diet density increased. Energy retention, N intake and N retention were not 
affected by diet density. We conclude that a higher diet density in the first wk of life of 
broiler chickens did not affect protein and fat retention, whereas the ME to GE ratio 
decreased linearly with increased diet density. This suggests that diet density appears to 
affect digestibility rather than utilization of nutrients. 
 
Key words: broiler chickens, dietary fat, diet density, energy balance, indirect calorimetry
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INTRODUCTION
Studies to determine the maintenance and growth requirements of broiler chickens often 
focus on their overall life span without differentiating for different age periods (Sakomura 
et al., 2005; Lopez and Leeson, 2008). These studies ignore that requirements may be age- 
related, depending on the physiological status of the chicken. For young broilers, 
requirements may depend on the availability of the residual yolk (RY), the poikilothermic 
nature of the chicken at early age (Tazawa et al., 1988), and the ongoing maturation of 
organs, particularly the intestinal tract (Fan et al., 1997). This means that requirements and 
metabolic processes during the first wk of life, and how these may be affected by diet 
composition, are hardly investigated. 
Metabolic processes require energy input. During the first few days after hatch, the RY 
functions as energy supply for initial growth and development, containing about 14 to 26% 
fat and only about 2.3 to 2.7% of carbohydrates (Yadgary et al., 2010). This suggests that lipids 
are the major contributor to the energy supply for chickens not only during embryonic 
development, but also directly after hatch. Beside energy from the RY, the chick also requires 
energy from exogenous energy sources (feed and water) shortly after hatch. Next to fats and 
oils, carbohydrates function as the major energy source in modern broiler chicken diets (Sklan, 
2001). Feeding of carbohydrates results in a shift from mainly lipid oxidation during the late 
stage of incubation (Noble and Cocchi, 1990) towards mainly oxidation of glucose and starch 
post-hatch. Simultaneously, hormonal and nutrient-signaling pathways induce a shift from 
hepatic storage of lipids obtained from the yolk towards storage of lipids obtained through 
exogenous feed, as well as de novo production of lipids through lipogenesis (Richards et al., 
2010). Even though the process of lipogenesis is considered to be functional shortly after 
hatch (Noble and Cocchi, 1990), digestibility of dietary fats is perceived to be age dependent 
and relatively low for broiler chickens during the first wk of life (Ravindran et al., 2016). The 
perception that fat digestibility is relatively low (relative to digestibility of carbohydrates and 
protein) in young compared to old broiler chickens has resulted in limited research into 
dietary fat inclusion during the first wk of life. However, it was already demonstrated that 
feeding broiler chickens fat levels up to 15% (stabilized animal grease) and 15.9% (soybean 
oil) from either 0 to 21 or 0 to 28 d of age resulted in maintained or even increased average 
daily gain (ADG) and gain to feed ratio (G:F) compared to feeding low diet densities, as long 
as the CP to energy ratio was kept constant (Donaldson et al., 1957; Waldroup et al., 1976). 
Whereas this suggests that high inclusion levels of fats and oils do not affect performance of 
young broiler chickens, it is not known which physiological mechanisms are involved in the 
oxidation and utilization of high nutrient density and dietary fat levels. 
The objective of this study was to determine effects of diet density on growth performance, 
energy, and nitrogen (N) metabolism of broiler chickens during the first wk of life, using 
a dose-response design. 
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MATERIALS AND METHODS
All procedures in this study were approved by the Animal Use and Care Committee of 
Wageningen University & Research, the Netherlands.
Experimental  design
This study used a dose-response design with 5 diet density levels through increased dietary 
fat levels (3.5, 7.0, 10.5, 14.0, and 17.5%), using the relative difference in dietary energy 
level to increase amino acid levels, mineral levels, and the premix inclusion level as well. 
In 8 consecutive batches, treatments were randomly distributed over 4 climate respiration 
chambers (CRC). Depending on their size (267 or 1,800 L), each CRC contained 12 or 24 
chickens, resulting in 6 replicates per treatment with 108 (3 × 12 and 3 × 24) broiler chickens 
per treatment and 540 broiler chickens in total. 
Animals  and housing
A total of 540 day-old Ross 308 male chickens (average body weight [BW], 45.8 g; range 
44.8 to 47.3g) were obtained from a commercial hatchery (Lagerwey, the Netherlands). 
To reduce potential effects of hatch window, only chickens that were not entirely dry in the 
neck region (freshly hatched) were selected for this study. Chickens were placed in one of 
4 open-circuit CRC that provided 1,000 × 800 mm or 800 × 500 mm (length by width) 
animal floor space (Verstegen et al., 1987). A CO2 recovery test was performed immediately 
prior to the start of the experiment, according to procedures described by Heetkamp et al. 
(2015). In the 4 CRC, 99.3, 98.9, 99.8, and 99.7% of the CO2 released was recovered. In the 
2 smaller CRC, an additional ethanol oxidation test was performed to test air tightness of 
the CRC, according to Heetkamp et al. (2015), yielding a respiratory quotient (RQ) of 0.66 
in both chambers. The latter is in line with the theoretical RQ of 0.667 when ethanol is 
completely burned, thus proving that there are no air leakages in the CRC. Either 24 or 12 
chickens were used per CRC, depending on the minimum metabolic mass requirements 
for both CRC types to determine an accurate energy and N balance. Chickens were housed 
on a coated wire floor to facilitate quantitative excreta collection. Artificial lighting was set 
for 23h/d throughout the study period (0 to 7 d of age). Temperature was set to gradually 
decrease by 0.5°C per day during the study period, starting from 33°C at d 0. Chickens had 
ad libitum access to feed and water via nipple drinkers.
Experimental  diets
Diets containing the lowest (3.5% dietary fat) and highest (17.5% dietary fat) diet densities 
were formulated using soybean oil as the primary fat source to increase the dietary fat level 
among treatments. The relative difference in energy level between the 2 diets was 
subsequently used to increase amino acid levels and mineral levels, as well as the premix 
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inclusion rate at the same ratio. Consequently, diets were not isocaloric nor isonitrogenous. 
Starter diets with 3.5, 7.0, 10.5, 14.0, and 17.5% dietary fat contained 2,870, 3,030, 3,190, 
3,350, and 3,510 kcal/kg AMEn, and 11.6, 12.2, 12.9, 13.5, and 14.2 g/kg digestible lysine, 
respectively (Table 1). Diets were formulated based on digestibility and nutrient data 
provided by CVB (2007). Diet densities in between were obtained by blending the 2 basal 
diets in different ratios. All diets were produced and pelleted (2.0 mm) by Research Diet 
Services (the Netherlands). All diets were analyzed for N (ISO 5983-2, 2009), crude fat by 
acid hydrolysis (ISO 6492, 1999), dry matter (DM; ISO 6496, 1999), ash (ISO 5984, 2002), 
gross energy (GE) by adiabatic bomb calorimetry (ISO 9831, 1998), and calcium and 
phosphorous content by ICP-AES (ISO 27085, 2009). 
Data col lect ion
Individual BW was measured on d 0 and 7, whereas average daily feed intake (ADFI) was 
measured daily at the same moment of the day. G:F (g:g) was calculated from d 0 to 7, based 
on BW differences and feed intake (FI). The average ADG and metabolic BW (kg0.75) 
between d 0 and 7 were calculated per CRC. Excreta produced from d 0 to 7 was 
quantitatively collected at d 7 and analyzed for N (ISO 5983-2, 2009), crude fat by acid 
hydrolysis (ISO 6492, 1999), DM (ISO 6496, 1999), and GE by adiabatic bomb calorimetry 
(ISO 9831, 1998). 
The O2 and CO2 exchange (in L) was measured for each group of chickens in the CRC at 
7.5 minute intervals. Based on these measurements, the respiratory exchange ratio (RER) 
was defined as the ratio of CO2 produced (L) to O2 consumed (L). Heat production (HP) 
was calculated using O2 and CO2 as inputs (Romijn and Lokhorst, 1961): 
HP (kJ) = 16.20 × O2 (L) + 5.00 × CO2 (L)
ME intake (kJ/kg0.75/d) was calculated from the GE content of feed and excreta:
MEINTAKE (kJ/kg0.75/d) = GEFEED (kJ/kg0.75/d) - GEEXCRETA (kJ/kg0.75/d)
The ratio between ME and GE intake (ME:GE) was calculated to determine the 
metabolizability of energy:
ME:GE = MEINTAKE / GEINTAKE
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Table 1. Ingredient and nutritional composition of the experimental diets 
Diet density, % dietary fat 3.5 7.0 10.5 14.0 17.5
Ingredient composition, g/kg
 Corn 663.6 596.7 529.9 463.1 396.3
 Soybean meal (>48% CP) 164.2 184.2 204.1 224.1 244.1
 Soy protein isolate 50.0 52.8 55.6 58.4 61.1
 Potato protein (77% CP) 50.0 52.8 55.6 58.4 61.1
 Corn gluten meal 20.0 21.1 22.2 23.3 24.5
 Soybean oil 2.3 39.3 76.4 113.5 150.6
 Monocalcium phosphate 17.0 18.2 19.4 20.6 21.8
 Limestone 16.1 17.0 18.0 18.9 19.9
 Salt 1.2 1.4 1.6 1.8 2.0
 Sodium bicarbonate 2.0 1.9 1.8 1.7 1.6
 DL-Methionine 2.2 2.5 2.8 3.1 3.4
 L-Lysine HCL 1.5 1.5 1.5 1.4 1.4
 Premix starter1 10.0 10.6 11.1 11.7 12.2
Calculated chemical composition, g/kg (unless otherwise stated)
 CP 229 238 248 258 268
 Crude fat 35 70 105 140 175
 Ash 57 60 63 65 68
 DM 886 892 897 902 907
 AMEn2, kcal/kg 2,870 3,030 3,190 3,350 3,510
 Dig. lys3 11.6 12.2 12.9 13.5 14.2
 Ca 10.0 10.6 11.1 11.7 12.2
 P 7.1 7.4 7.6 7.9 8.2
Analyzed chemical composition, g/kg (unless otherwise stated)
 CP 224 232 243 253 265
 Crude fat 41.2 75.7 109.8 140.6 165.2
 Crude ash 50.4 52.5 54.0 57.0 59.7
 DM 889 889 897 901 902
 Ca 9.3 9.7 10.3 11.7 11.0
 P 6.8 6.9 7.3 8.2 7.8
 Gross energy, kcal/kg 4,013 4,228 4,395 4,610 4,801
1 Contributed per kilogram of diet: thiamine, 1.0 mg; riboflavin, 4.5 mg; niacinamide, 40 mg; D-pantothenic acid, 
9 mg; pyridoxine-HCL, 2.7 mg; choline chloride, 500 mg; cyanocobalamin, 20 μg; vitamin E (DL-α-tocopherol), 
33 IU; menadione, 2.3 mg; vitamin A (retinyl-acetate), 12,000 IU; cholecalciferol, 5,000 IU; biotin, 100 μg; folic 
acid, 0.5 mg; FeSO4∙H2O, 150 mg; MnO2, 100 mg; CuSO4∙5H2O, 40 mg; ZnSo4∙H2O, 145 mg; Na2SeO3, 0.56 mg; KI, 
2.0 mg; antioxidant (oxytrap PXN), 125 mg. 2 AMEn, calculated according to CVB (2007). 3Calculated according 
to CVB (2007).
DIET DENSITY IN FIRST WEEK NUTRITION |  81
4
Energy retention (ER) was calculated as the difference between MEINTAKE and HP. With 
respect to energy retention, a distinction was made between N and fat retention. N retention 
was determined by measuring the level of N in feed, excreta, ventilation air (NH3 trapped 
in sulphuric acid), and condensed water (NH4+) on the heat exchanger (ISO 5983-2, 2009). 
ER as protein (ERp) was subsequently calculated as:
ERp (kJ/kg0.75/d) = 23.6 × 6.25 × N retention
where 23.6 kJ/g is the energetic value of body protein (Larbier and Leclercq, 1994). Energy 
retained as fat (ERf) was calculated as the difference between ER and ERp. 
Efficiencies of energy and N retention were calculated by expressing retention as a 
percentage of metabolizable intake. Nutrient efficiencies for N, fat, and GE were calculated 
as gain per unit of nutrient intake from d 0 to 7.
Stat ist ica l  analysis
Data were subjected to mixed model analysis using the PROC MIXED procedure in SAS 
(Version 9.3, 2011, SAS Institute Inc., Cary, NC, United States), using the model: 
Yij= μ + αi + βj + bk + εijk
where Yij = dependent variable, μ = overall mean, αi = fixed treatment effect (i = 3.5, 7.0, 
…, 17.5% dietary fat), βj = fixed CRC type effect (j = 12 or 24 broiler chickens), bk = random 
batch effect (k = 1, 2, ..., 8), and εijk = residual error term. Contrasts were used to determine 
significant relationships for linear and quadratic effects of diet density. Data were analyzed 
using a group of animals in one CRC as the experimental unit. Data are expressed as least 
square (LS) means. LSmeans were compared after correcting with Tukey 's test for multiple 
comparisons, and effects were considered to be significant when P ≤ 0.05. 
RESULTS
Growth performance
From d 0 to 7, ADG (average 18.7 g/d) and ADFI (average 16.7 g/d) decreased linearly as 
the diet density increased (∆ = -6.8% ADG and Δ = -18.7% ADFI between 3.5 and 17.5% 
dietary fat; P = 0.047 and P < 0.001, respectively; Table 2). G:F ratio (average 1.124) from 
d 0 to 7 increased linearly as diet density increased (Δ = 14.4% between 3.5 and 17.5% 
dietary fat; P < 0.001; Table 2). On the contrary, nutrient efficiencies of fat, N, and GE 
linearly decreased as diet density increased (Δ = -71%, -3.4% and -4.7% between 3.5 and 
17.5% dietary fat; P < 0.05; Table 2). For nutrient efficiency of fat, also a quadratic response 
was found (P < 0.001; Table 2). 
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Table 2. Effects of diet density on BW, ADG, ADFI, gain to feed (G:F) ratio, and nutrient efficiencies (η) for fat, 
nitrogen (N) and GE (expressed as g gain per unit of nutrient intake) of broiler chickens of 0 to 7 d of age, 
expressed as least square means1
BW, g
ADG,  
g/d
ADFI,  
g/d
G:F, 
g:g
Fatη,  
g gain / 
g fat
Nη,  
g gain / 
g N
GEη, 
g gain / 
MJ GE
Item 0 d 7 d 0-7 d 0-7 d 0-7 d 0-7 d 0-7 d 0-7 d
Diet density, 
% fat
3.5 45.7 180.7 19.3 18.2c 1.059c 25.8d 29.6b 63.2d
7.0 45.7 176.0 18.6 17.2bc 1.081bc 14.2c 29.1b 61.1bd
10.5 45.7 176.5 18.7 16.4b 1.140b 10.4b 29.3b 62.1cd
14.0 45.8 177.3 18.8 16.7b 1.128b 8.0a 27.8a 58.4ac
17.5 45.7 171.6 18.0 14.8a 1.212a 7.4a 28.6ab 60.2ab
SEM (n = 6) 0.3 3.0 0.4 0.3 0.017 0.3 0.5 1.0
P-value Fixed 0.232 0.193 0.199 <0.001 <0.001 <0.001 0.044 0.008
Linear 0.331 0.047 0.047 <0.001 <0.001 <0.001 0.019 0.004
Quadratic 0.269 0.849 0.877 0.570 0.348 <0.001 0.568 0.319
1 For each treatment, replicates consisted of 3 × 12 and 3 × 24 male broiler chickens at the start of the experiment.
a-d Effect means within columns with no common superscript differ significantly (P ≤ 0.05).
Table 3. Effects of diet density on the gross energy (GE) intake, ME intake, the ratio between ME and GE intake 
(ME:GE), heat production (HP), the respiratory exchange ratio (RER) and energy retention (ER) as protein (ERp) 
and fat (ERf) of broiler chickens of 0 to 7 d of age, expressed as least square means1
GE 
intake, 
kJ/
kg0.75/d
ME 
intake, 
kJ/
kg0.75/d
ME:GE, 
%
HP, kJ/
kg0.75/d RER 
ER, kJ/
kg0.75/d
ERp, kJ/
kg0.75/d
ERf, kJ/
kg0.75/d
Diet density, 
% fat
3.5 1686.5b 1287.3 76.6bc 557.5a 1.052a 730.5 349.6 381.1
7.0 1705.1b 1314.3 76.9c 535.4bc 1.015b 777.5 355.6 421.7
10.5 1682.4b 1250.5 74.4b 527.7c 0.978c 724.0 346.1 377.9
14.0 1794.2a 1331.1 74.2ab 540.0b 0.940d 792.0 370.7 421.1
17.5 1700.2b 1252.1 73.9a 531.7bc 0.907e 719.5 354.0 365.8
SEM (n = 6)  25.2 25.7 1.0 4.6 0.003 24.6 6.9 18.3
P-value Fixed 0.015 0.131 0.042 <0.001 <0.001 0.148 0.139 0.114
Linear 0.121 0.506 0.006 <0.001 <0.001 0.921 0.272 0.578
Quadratic 0.296 0.476 0.711 0.001 0.511 0.200 0.656 0.123
1 For each treatment, replicates consisted of 3 × 12 and 3 × 24 male broiler chickens at the start of the experiment. 
a-e Effect means within columns with no common superscript differ significantly (P ≤ 0.05).
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Energ y and nitrogen balance
GE intake and ME intake were not affected by diet density, but a linear decrease was found 
for the ratio between ME and GE (average 75.2%; Δ = -3.5% between 3.5 and 17.5% dietary 
fat; P = 0.006; Table 3). The RER (average 0.98) decreased linearly with increasing diet 
density (Δ = -13.8% between 3.5 and 17.5% dietary fat; P < 0.001; Table 3). Linear and 
quadratic responses were found for HP (average 538.4 kJ/kg0.75/d) with increasing diet 
density (Δ = -4.6% between 3.5 and 17.5% dietary fat; P ≤ 0.001; Table 3). This was 
particularly marked for the lowest diet density (3.5% dietary fat) that had higher HP 
compared to higher diet densities from d 4 onward. Energy retention (average 748.7 kJ/
kg0.75/d) was not affected by diet density (Table 3), neither were N intake (average 0.67 g/d) 
and N retention (average 2.40 g/kg0.75/d; Table 4). 
DISCUSSION
The current study aimed to determine if diet density, using soybean oil as primary energy 
source and maintaining a constant amino acid-to-energy ratio, affected growth performance, 
as well as energy and N metabolism characteristics of broiler chickens during the first wk 
of life. The lowered ADFI and ADG as a result of the increased diet density, as found in the 
current study, might be explained by metabolic regulatory mechanisms, as well as by dietary 
physical form. Broiler chickens are known for being able to control their FI in order to 
Table 4. Effects of diet density on nitrogen (N) intake, digestible N intake, N retention (NR), and efficiency (η) of 
N retention of broiler chickens of 0 to 7 d of age, expressed as least square means1
N intake, g/
day
Dig. N 
intake, 
g/kg0.75/d
NR, 
g/kg0.75/d
NRη, 
% of N 
intake
NRη, 
% of dig. N 
intake
Diet density,
% fat
3.5 0.68 2.37 2.36 65.6 99.56
7.0 0.66 2.41 2.40 67.0 99.60
10.5 0.66 2.35 2.34 65.5 99.53
14.0 0.70 2.51 2.50 66.5 99.59
17.5 0.65 2.40 2.39 66.9 99.54
SEM (n = 6) 0.01 0.05 0.05 0.9 0.04
P-value Fixed 0.080 0.140 0.140 0.480 0.680
Linear 0.826 0.267 0.272 0.394 0.616
Quadratic 0.587 0.657 0.656 0.840 0.680
1For each treatment, replicates consisted of 3 × 12 and 3 × 24 male broiler chickens at the start of the experiment.
CHAPTER 484  | 
maintain a constant energy intake (Leeson et al., 1996). However, this appears to be only 
the case for older broilers, as Brickett et al. (2007) found that broiler chickens up to 2 wk 
of age are not able to maintain a constant energy intake when diet density was changed. 
These findings are in contrast with current results, as in the current study a constant ME 
intake and N intake amongst treatments were found during the first wk of life. 
Because of these findings, current results suggest that energy (originating from fat and 
carbohydrates) or N, or a combination of both, have a regulatory role in FI already in the 
first wk of life. 
FI regulation is considered the result of a complex interplay between various endogenous 
mechanisms, where the central nervous system is driven by nutrient signaling, neuroendocrine 
signaling, and peripheral tissue signaling within the gastrointestinal tract (Richards and 
Proszkowiec-Weglarz, 2007). FI regulation through nutrient signaling can be differentiated 
into glucostatic, lipostatic, ionostatic, and aminostatic theories (reviewed by Decuypere et 
al., 2007). The current study was not designed to determine whether the lower FI at higher 
diet densities is either glucostatic, lipostatic, ionostatic, or aminostatic driven, as not only 
dietary fat, but also CP and mineral levels were increased in the higher density diets. 
The lowered ADFI and ADG with increased diet density found in the current trial may 
also be explained by the lowered nutrient efficiencies for N and energy with increased diet 
density. Gain per unit of N and GE consumed decreased linearly as diet density increased. 
Ravindran et al. (2016) reported that the energetic availability of fats and oils for an animal 
tend to decrease as the inclusion level increases. This might be explained by increased soap 
formation by free fatty acids and calcium (Ravindran et al., 2016). In the current study, 
increased diet density included an increased dietary fat (from 3.5 to 17.5%) and calcium 
(from 1.00 to 1.22%) inclusion level. This potentially increases the risk for saponification 
that subsequently may have resulted in lowered digestibility. 
The reduction in N efficiency corresponds with earlier research where increased CP 
consumption actually resulted in reduced protein utilization (Swennen et al., 2007). The 
reduced efficiency is mainly attributed to the energetic costs associated with the removal 
of excessive N from the body through uric acid formation. This suggests that a constant 
amino acid-to-energy ratio, as used in the current study, can be further optimized in order 
to minimize the metabolic costs for excessive N removal from the body. 
Current effects of increased diet density on ADG, ADFI, and G:F may also be explained 
by diet physical form. Findings with respect to increased G:F are supported by Donaldson 
et al. (1957) and Waldroup et al. (1976), who demonstrated that fat inclusion levels up to 
15% (stabilized animal grease) or 15.9% (soybean oil) with a maintained protein to energy 
ratio, fed to chickens from 0 to 3 wk of age, also resulted in an increased G:F. However, in 
the current study the ADG was linearly lowered, whereas it maintained or even increased 
in previous work. Though not explicitly stated, it is very likely that with dietary fat levels 
as high as 23.4%, the diets used by Donaldson et al. (1957) and Waldroup et al. (1976) may 
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have been fed as mash. Earlier research found an interaction between diet density and feed 
form (mash vs. pelleted diets) with respect to ADG (Brickett et al., 2007). Even though 
increased diet densities (300 kcal/kg ME difference) resulted in higher ADG from 0 to 6 d 
when fed as mash diets, ADG was not affected when broilers were fed pelleted diets. This 
suggests that chickens initially try to maximize FI in order to achieve maximum growth, 
which can be easier achieved in pelleted than in mash diets. Although this does not explain 
in full the reduced ADG in the current study, it appears that feed form may contribute 
partially to the results observed. In addition, the observed response for ADFI might be 
partially biased by pellet quality. High fat levels may result in lower pellet quality in terms 
of pellet durability (Abdollahi et al., 2013). 
The RER was highly treatment-dependent and decreased with increased diet density. This 
appears to be logical, as the RQ for glucose is approximately 1, whereas it is approximately 
0.80 for protein and 0.70 for fat (Ferrannini, 1988). Increasing levels of diet density contain 
more fat at the expense of carbohydrates (glucose), resulting in relative higher fat oxidation. 
The authors are aware that the RER provides only limited insight into the biochemical 
reactions associated with ongoing metabolic processes, as it is a simple measurement of O2 
consumption and CO2 production (Ferrannini, 1988). Therefore, it is more interesting to 
discuss treatments effects in relation to ME:GE ratio and retained energy.
ME is considered to be the amount of dietary energy that is readily available to support 
broiler metabolism. Differences in ME:GE (also known as metabolizability) can be explained 
by differences in how well diets are digested and utilized. In general, the ME:GE in the 
current study was slightly higher than has been found in earlier research (0.752 vs. 0.689; 
Apeldoorn et al., 1999). Differences among studies might be explained by broiler age and 
diet composition. Comparing treatments, the decrease in ME:GE with increases in diet 
density is likely the result of lowered diet digestibility due to the increasing dietary fat 
content. Digestibility coefficients for dietary amino acids, carbohydrates (starch), and fat 
in a typical corn and soybean meal-based diet fed to broiler chickens at 7 d of age were 
found to be 0.83, 0.97, and 0.59, respectively (Batal and Parsons, 2002). In the same study, 
fat digestibility was found to increase from 0.59 to 0.74 from 7 to 14 d of age. A lowered fat 
digestibility for young broiler chickens, combined with increased dietary fat levels at the 
expense of carbohydrates as provided in the current study, may explain the linear decrease 
in ME:GE as the metabolizability of these diets decreases. 
Based on the lowered ADG, ME:GE and the increased excreta losses with increased diet 
density, higher dietary fat levels do not seem favorable for young broiler chickens. However, 
this study shows that ME is not fully used for energy retention, as part of the ME is lost as 
heat, which is the result of maintenance costs and inefficiencies in the deposition of protein 
and fat. In the current study, approximately 41 to 43% of the ME intake was lost as heat. 
These losses are relatively low compared to earlier studies, where average ME losses due to 
heat production were calculated to be 54 to 60% in broilers ranging from 0.7 to 2.0 kg BW 
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(Apeldoorn et al., 1999; Labussiere et al., 2015). In general, it is perceived that larger animals 
have a smaller surface to body mass ratio, thus resulting in reduced heat losses. This principle 
does not apply for current results, suggesting that differences in heat loss might be explained 
by other factors. In the current study, overall HP decreased both linear and quadratic as diet 
density increased. This might be explained by differences in nutrient efficiencies for energy 
retention between protein, fat, and carbohydrates, resulting in altered diet-induced 
thermogenesis. This is in contrast with previous studies in which changes in macro nutrients 
did not affect diet-induced thermogenesis in chickens (Swennen et al., 2007). 
RE, REf, and REp were not affected by treatment. RE was deposited almost equally as either 
protein (47.4%) or fat (52.6%). This is in agreement with earlier research where retained 
energy was evenly (50:50) deposited as protein and fat (Apeldoorn et al., 1999). Current 
results on RE, REf, and REp may appear to be contradictory to calculated N, fat, and GE 
nutrient efficiencies, as discussed earlier. However, a distinction can be made between the 
bioavailability of nutrients in feed ingredients (i.e., pre-absorption) and the post-absorptive 
nutrient utilization (De Lange et al., 2013). Whilst calculated nutrient efficiencies are based 
on the pre-absorptive state, the RE, REf, and REp refer to a post-absorptive state. It might 
be suggested that in current broiler chickens, the nutrient intake capacity is too limited to 
reach the genetic production potential (De Lange et al., 2013). For the current study this 
implies that the digestive status of the chicken is probably the limiting factor, whereas 
metabolic processes related to protein and fat deposition within the chicken were not 
affected.
Concluding, feeding of higher diet densities in the first wk of life of broiler chickens resulted 
in linearly lowered ADG and ADFI, whereas G:F increased. However, protein and fat 
retention was not affected, whereas the ME:GE ratio decreased linearly with increased diet 
density. Results suggest that the absorptive capacity of the chicken might become a limiting 
factor when diet density is increased.
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ABSTRACT
The current study aimed to investigate whether diet density affects growth performance 
and nutrient digestion during the first wk after hatch and digestive organ weight at 7 d of 
age. Effects were studied using a dose-response design that comprised of 5 inclusion levels 
of dietary fat (3.5, 7.0, 10.5, 14.0, and 17.5%). The dietary fat level was increased through 
soybean oil inclusion. Amino acids, minerals, and the premix were increased at the same 
ratio as dietary fat. Consequently, diets were neither kept isocaloric nor isonitrogenous. 
Broiler chickens were weighed on d 0 and 7 after hatch, whereas feed intake was measured 
daily. Excreta produced from d 0 to 7 were collected at d 7. Dietary DM and nitrogen 
metabolizability, as well as fat digestibility were calculated as an average over 7 d. Broiler 
chickens were sampled at d 7 to determine carcass yield, breast meat yield, and organs 
weights. ADG (Δ = -6.8% between 3.5 and 17.5% dietary fat; P = 0.047) and ADFI (Δ = 
-18.7% between 3.5 and 17.5% dietary fat; P < 0.001) decreased linearly as diet density 
increased, whilst G:F increased linearly (Δ = 14.4% between 3.5 and 17.5% dietary fat; P < 
0.001). An increased diet density resulted in a linear decrease of crop, liver, and pancreas 
weight relative to BW (P < 0.05). Duodenum, jejunum, ileum, and cecum length (expressed 
as cm/kg of BW) and empty weight (as % of BW) increased linearly with increased diet 
density (P < 0.05). Dietary DM metabolizability decreased linearly as diet density increased 
(Δ = -4.1% between 3.5 and 17.5% dietary fat; P < 0.001), whereas fat digestibility and 
nitrogen metabolizability were not affected (P > 0.05). In conclusion, one-wk-old broiler 
chickens respond to increased diet densities by increasing intestinal weight and length, 
meanwhile decreasing liver and pancreas weight. This may be an adaptive response to cope 
with an increased nutrient concentration in the diet. 
Key words: broiler chickens, dietary fat, diet density, organ size, digestive status
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INTRODUCTION
In current broiler farming, chickens are fed diets rich in carbohydrates from the moment 
of hatch onwards (Sklan, 2001). Carbohydrates, such as glucose and starch, function as the 
main energy supply in diets, despite that they have a lower energetic value than dietary fats 
and oils. Dietary fats and oils are less used as main energy supplier in chicken diets because 
fats and oils are considered less digestible, especially during the first wk of life (Batal and 
Parsons, 2002b; Thomas et al., 2008; Ravindran et al., 2016). Based on these considerations, 
limited data are available to study whether broiler growth and development are affected by 
high inclusion levels of dietary fat in the first wk of life. However, during the late incubation 
phase, the developing chicken embryo relies on yolk lipids as a primary energy supply 
(Noble and Cocchi, 1990), suggesting that the developing embryo is able to metabolize 
lipids from a very young age onward. 
Digestion and absorption of lipids in the gut is largely facilitated by enzymatic hydrolysis. 
Secretion of digestive enzymes, such as lipase, trypsin, and amylase continues to increase 
during the first three wk after hatch and is therefore considered sub-optimal during the 
first wk of life (Noy and Sklan, 1995), although Nitsan et al. (1991) found that lipase reached 
the maximum activity level in the small intestine at four days of age. Secretion of digestive 
enzymes, although not maximal during the first wk of life, might not limit digestion and 
metabolism, as feed intake (FI) and, therefore, the amount of feed to be processed are also 
relatively low in the first wk of life. Moreover, there may be adaptive responses in the gut 
that counteract the relative shortage of digestive enzymes. This assumption is based on 
Scott (2002), where feeding of diets with increased nutritional densities to broiler chickens 
resulted in altered digestive organ length and weight.
The objective of this study was to determine effects of diet density on growth performance, 
digestive organ weights and lengths, and nutrient utilization of broiler chickens during the 
first wk of life, using a dose-response design. Effects of increased diet density on post-
absorptive characteristics, such as nitrogen (N) and energy retention within the body, are 
described elsewhere (Chapter 4). 
MATERIALS AND METHODS
All procedures in this study were approved by the Animal Use and Care Committee of 
Wageningen University & Research, the Netherlands.
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Experimental  design
A dose-response design with 5 diet density levels, obtained through increased dietary fat 
levels (3.5, 7.0, 10.5, 14.0, and 17.5%), was applied to study their effects on growth 
performance, digestive organ weights and lengths, and nutrient metabolizability of broiler 
chickens during the first wk of life. In addition to dietary energy level, also amino acid 
levels, mineral levels, and the premix inclusion level were increased as diet density increased. 
Treatments were randomly distributed over 4 climate respiration chambers (CRC). This 
resulted in eight consecutive batches and 6 replicates per treatment, with 108 broiler 
chickens per treatment and 540 broiler chickens in total.
Animals  and housing
A total of 540 day-old Ross 308 male broiler chickens with an average BW of 45.8 g (range 
44.8 to47.3 g) were obtained from a commercial hatchery (Lagerwey, the Netherlands). To 
prevent a wide range in hatch time, which is known to affect the metabolic status of the 
broiler chicken (Van de Ven et al., 2013; Lamot et al., 2014), only broiler chickens that were 
not entirely dry in the neck region were used in the current study. Chickens were housed 
in one of 4 CRC at the experimental facilities of Wageningen University. Per CRC either 
12 or 24 broiler chickens were used, depending on the size of the CRC (Chapter 4). For 
quantitative excreta collection, broiler chickens were kept on a coated wire floor. Chickens 
received artificial lighting for 23 h/d throughout the study period (0 to 7 d of age). 
Temperature was set at 33°C on d 0 and gradually decreased by 0.5°C per day during the 
study period. Chickens had ad libitum access to feed and water (via nipple drinkers).
Experimental  diets
Diets were formulated and produced as described in Chapter 4. In short, diets with low 
(3.5%) and high (17.5%) dietary fat content were formulated. Soybean oil was used as a fat 
source to vary the dietary fat level among treatments. Amino acid levels and mineral levels, 
as well as the premix inclusion level increased at the same ratio in which dietary ME level 
increased due to increased dietary fat levels. Consequently, diets were either isocaloric nor 
isonitrogenous. Starter diets with 3.5, 7.0, 10.5, 14.0, and 17.5% dietary fat contained 2,870, 
3,030, 3,190, 3,330, and 3,510 kcal/kg AMEn, respectively, and 11.6, 12.2, 12.9, 13.5, and 
14.2 g/kg digestible lysine, respectively. Diets were formulated based on digestibility and 
nutrient data provided by CVB (2007).
Measurements
Chickens were individually weighed on d 0 and 7, whereas feed intake (FI) was measured 
daily at the same time of the day. Gain to feed ratio (G:F) was calculated for 0 to 7 d, based 
on ADG and ADFI. The average ADG from 0 to 7 d of age was calculated per CRC. Excreta 
produced from 0 to 7 d of age was collected quantitatively at d 7 and analyzed afterwards. 
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Feed and excreta were analyzed for DM (ISO 6496, 1999), N (ISO 5983-2, 2009), and crude 
fat by acid hydrolysis (ISO 6492, 1999) content.
At 7 d of age, 12 broiler chickens per CRC were weighed, sacrificed, and dissected to 
determine carcass weight and organ weights of heart, crop, proventriculus plus gizzard, 
liver, pancreas, bursa, spleen, and breast meat yield (pectoralis major, pectoralis minor, 
sternum, and clavicle). Carcass weight excluded blood and organ weights. Broiler chickens 
were not feed-deprived before dissection and were killed by cervical dislocation. Organ 
weights were calculated as a percentage of BW, except for breast meat yield, which was 
expressed as a percentage of carcass weight. Digestive organs, including crop, proventriculus 
plus gizzard, small intestines, and cecum were emptied by gentle brushing and squeezing 
to determine empty weights. For the intestinal tract, the length of the duodenum (duodenal 
loop excluding pancreas), jejunum (end duodenum to Meckel’s diverticulum), ileum 
(Meckel’s diverticulum to ileal-cecal junction), and cecum were also measured.
As no distinction was made between fecal and urinary DM and N excretion, the dietary 
DM and N metabolizability coefficients (NutrientMET) were calculated as follows: 
NutrientMET = (NutrientFEED – NutrientEXCRETA ) / NutrientFEED
The dietary fat digestibility coefficient (FatDC) was calculated as follows: 
FatDC = (FatFEED – FatEXCRETA ) / FatFEED
Stat ist ica l  analysis
Data were subjected to mixed model analysis, using the PROC MIXED procedure in SAS 
(Version 9.3, 2011, SAS Institute Inc., Cary, NC, United States) with the following statistical 
model: 
Yijk = μ + αi + βj + bk + εijk
where Yij = dependent variable, μ = overall mean, αi = fixed treatment effect (i = 3.5, 7.0, 
…, 17.5% dietary fat), βj = fixed CRC type effect (j = 12 or 24 broiler chickens), bk = random 
batch effect (k = 1, 2, ..., 8), and εijk = residual error term. Contrasts were used to determine 
significant relationships for linear and quadratic effects of diet density. Data were analyzed 
using a group of animals in one CRC as the experimental unit. Data are expressed as least 
square (LS) means. LSmeans were compared after correcting with Tukey 's test for multiple 
comparisons, and effects were considered to be significant when P ≤ 0.05.
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RESULTS
Growth performance
From d 0 to 7 the ADG was on average 18.7 g/d, and increased diet density resulted in a 
linear decrease in ADG (Δ = -6.8% between 3.5 and 17.5% dietary fat; P = 0.047; Table 1). 
Furthermore, except from d 0 to 1, ADFI decreased linearly as diet density increased 
(P < 0.05; Table 1). On average over the first wk of life, ADFI decreased with 3.4 g/d as 
diet density increased (Δ = -18.7% between 3.5 and 17.5% dietary fat; P < 0.001; Table 1). 
Average G:F from d 0 to 7 was 1.124 and increased linearly as diet density increased 
(Δ = 14.4% between 3.5 and 17.5% dietary fat; P < 0.001; Table 1). DM metabolizability 
was on average 0.73 from d 0 to 7 and was linearly lowered with increased diet density 
(Δ = -4.1% between 3.5 and 17.5% dietary fat; P = 0.001; Table 2), whereas N metaboli-
zability (average NMET = 0.67) and fat digestibility (average FatDC = 0.72) were not affected 
as diet density increased. 
Organ weight ,  intest inal  length,  and weight
Crop, liver, and pancreas weights, expressed as a percentage of BW, decreased linearly with 
increased diet density (∆ = -4.6% between 3.5 and 17.5% dietary fat, P = 0.015; ∆ = -19.4% 
between 3.5 and 17.5% dietary fat, P < 0.001; and ∆ = -11.5% between 3.5 and 17.5% 
dietary fat, P = 0.001, respectively; Table 3). For absolute crop, liver, and pancreas weights, 
a similar response was observed (P ≤ 0.002; data not shown). No effects of diet density 
were found on heart, stomach, spleen, and bursa weights at 7 d of age. Length of the 
duodenum (Δ = 13.9%), jejunum (Δ = 10.0%), ileum (Δ = 4.8%), and cecum (Δ = 8.3%), 
expressed as cm per kg of BW, increased linearly as diet density increased from 3.5 to 
17.5% dietary fat (P < 0.05; Table 4). In addition, empty weight of the duodenum 
(Δ = 22.2%), jejunum (Δ = 12.1%), ileum (Δ = 17.0%), and cecum (Δ = 18.0%), expressed 
as a percentage of BW, linearly increased as diet density increased from 3.5 and 17.5% 
dietary fat (P < 0.05; Table 4). The calculated weight to length ratio of the intestines 
increased linearly for the ileum and cecum as diet density increased (Δ = 10.8 and 9.5%, 
respectively; P < 0.05; Table 4).
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Table 1. Effects of diet density fed from 0 to 7 d of age on ADG, ADFI, and gain to feed ratio (G:F) of broiler 
chickens, expressed as least square means1
ADG, 
g/d
ADFI,
g/d
G:F, 
g:g
Item 0-7 d 0-1 d 1-2 d 2-3 d 3-4 d 4-5 d 5-6 d 6-7 d 0-7 d 0-7 d
Dietary fat 
level, %
3.5 19.3 2.1 7.7b 12.5b 18.5b 22.9ab 29.5c 34.0c 18.2c 1.059c
7.0 18.6 1.7 7.1ab 11.3a 16.5a 23.2b 27.9bc 32.9bc 17.2bc 1.081bc
10.5 18.7 1.6 6.5a 10.9a 16.1a 21.7ab 26.7b 31.0bc 16.4b 1.140b
14.0 18.8 2.0 6.4a 11.1a 17.0a 23.8b 26.2ab 30.1ab 16.7b 1.128b
17.5 18.0 1.8 6.4a 10.4a 15.9a 18.7a 23.6a 27.2a 14.8a 1.212a
SEM (n = 6) 0.4 0.2 0.4 0.5 0.4 1.0 0.6 0.9 0.3 0.017
P-value Fixed 0.199 0.343 0.002 <0.001 <0.001 0.015 <0.001 <0.001 <0.001 <0.001
Linear 0.047 0.572 <0.001 <0.001 <0.001 0.024 <0.001 <0.001 <0.001 <0.001
Quadratic 0.877 0.256 0.035 0.089 0.026 0.066 0.603 0.353 0.570 0.348
1For each treatment, replicates consisted of 3 × 12 and 3 × 24 male broiler chickens at the start of the study.
a-d LSmeans within columns lacking a common superscript differ (P ≤ 0.05).
Table 2. Effects of diet density fed from 0 to 7 d of age on DM metabolizability (DMMET), nitrogen metabolizability 
(NMET), and fat digestibility (FatDC) coefficients of broiler chickens, expressed as least square means1
0-7 d of age
Item DMMET NMET FatDC
Dietary fat level, % 3.5 0.751bc 0.659 0.726
7.0 0.756c 0.673 0.738
10.5 0.733ab 0.658 0.719
14.0 0.729a 0.667 0.713
17.5 0.720a 0.672 0.725
SEM (n = 6) 0.009 0.009 0.024
Fixed 0.012 0.495 0.865
P-value Linear 0.001 0.384 0.612
Quadratic 0.780 0.838 0.854
1For each treatment, replicates consisted of 3 × 12 and 3 × 24 male broiler chickens at the start of the study.
a-d LSmeans within columns lacking a common superscript differ (P ≤ 0.05).
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DISCUSSION
In the same study as the current one (Chapter 4), it was concluded that increasing diet 
density in the first wk of life of broiler chickens did not affect ME intake, protein, and fat 
retention. The ME to gross energy ratio (ME:GE) linearly decreased with increased diet 
density. Based on these results, it was suggested that increased diet density affects nutrient 
digestibility or metabolizability rather than nutrient utilization. The aim of the current 
study was to determine whether increased diet density, using soybean oil as the primary 
energy source, affected growth performance, nutrient utilization, and (digestive) organ 
length and weight of broiler chickens during the first wk of life. 
The average dietary N metabolizability coefficient in the current study was lower than the 
N metabolizability coefficients found in previous research (0.67 vs. 0.72 and 0.79), where 
similar corn-soybean meal based diets were fed until 7 d of age (Noy and Sklan, 1995; 
Thomas et al., 2008). In the current study, as well as in previous research, no distinction 
was made between fecal and urinary N excretion for calculation of the N metabolizability. 
Therefore, the calculated NMET is a combined value for dietary CP digestion and catabolized 
protein (Terpstra and de Hart, 1973). This might result in underestimation of the digestibility 
(NDC), as it was already hypothesized that increased diet densities result in lower N 
efficiency, which is very likely related to removal of excessive N from the body through 
increased uric acid formation (Chapter 4). The latter also suggests that the NDC is dependent 
on diet density, whereas in the current study no effect of diet density was found on NMET. 
Therefore, it is important in further research to differentiate between fecal and urinary N, 
determining the ratio between N excretion via urine and feces. 
Whereas fats and oils are considered less digestible during the first wk of life, the average 
dietary fat digestibility coefficient in the current study was higher than in previous research 
(0.72 vs. 0.59 and 0.67), where a similar diet was fed until 7 d of age (Batal and Parsons, 
2002; Thomas et al., 2008). Tancharoenrat et al. (2013) derived a fat digestibility for soybean 
oil of 0.60 at 7 d of age. Furthermore, in the current study, fat digestibility did not depend 
on dietary fat level, even though the inclusion level of soybean oil increased 6.5-fold from 
23 to 150 g/kg combined with a reduced carbohydrate fraction in the diet (from 565 to 396 
g/kg). Ravindran et al. (2016) reviewed that increased inclusion levels of fats and oils in 
poultry diets tend to result in lowered digestibility. However, the same review also stated 
that this phenomenon may especially occur in young chickens when fed saturated fats and 
oils, whereas soybean oil contains relatively low amounts of saturated fatty acids compared 
to other fats and oils. 
As the dietary N metabolizability and fat digestibility were not affected by diet density, 
a lowered ME:GE ratio as a result of increased diet density, as found previously (Chapter 
4) may be attributed to a lowered DM metabolizability. A lowered ME:GE ratio reflects 
an increase in fecal and urinary losses, meaning that the metabolizability of nutrients 
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is impaired. The lowered DM metabolizability as a result of increased diet density might 
be explained by an increase of minerals and trace components in the premix as diet 
density increased. This has not only resulted in an increased (trace) mineral content of 
the diet compared to other ingredients (4.6 vs. 5.8% for 3.5 and 17.5% dietary fat diets, 
respectively), but also an absolute increase (1.3%) in dietary DM content. As these 
minerals and trace components are not fully digestible by the broiler chicken, it will 
probably lower DM metabolizability. Lastly, the altered ME:GE ratio may also be 
explained by altered carbohydrate digestibility, but this was not determined in the 
current study. 
The relative high fat digestibility in the current study, unaffected by dietary fat level, suggests 
that there is a discrepancy between the current study and previous research that advocates 
that enzyme secretion for fat digestion is considered sub-optimal during the first wk of life 
(Noy and Sklan, 1995). This might be explained by chickens having lower (but still 
sufficient) enzyme (lipase) secretion for fat digestion at that age, or that these chickens have 
a strategy to adapt their digestive system towards increased diet densities. 
Changes in length and weight of digestive organs may be a result of changes in the amount 
of feed consumed (portion size), ingredient composition, or nutrient density in the diet. A 
distinction can be made between digestive organs that are primarily involved in the process 
of feed ingestion, digestion, and absorption (esophagus, crop, stomach, and intestines) and 
organs that have a supportive role in digestion or metabolization of nutrients, such as the 
pancreas (enzyme secretion) or the liver (metabolic processing of nutrients). 
In this study, increased diet density resulted in a lower relative crop weight. It can be 
hypothesized that in ad libitum fed broiler chickens the crop has a redundant function 
because consumed feed directly passes into the gizzard (Svihus, 2014). In the current study, 
broiler chickens were also fed ad libitum and crop weight appeared to decrease with 
increasing energy density. Increasing energy density also resulted in a lower amount of feed 
consumed. It seems, therefore, that even in situations of continuous feed access, the crop 
may be used for temporary feed storage and that its weight is actually adjusted toward the 
amount of feed (portion size) consumed. 
Whereas the relative crop weight was reduced as a result of an increased diet density, 
intestinal length, and weight increased. Scott (2002) found shorter small intestines at 
20 d of age after feeding diets with increased density (+0.29 MJ ME /kg), whereas Wang 
et al. (2015) did not find an effect of diet density (+0.42 MJ ME /kg) on small intestine 
length at 12 d of age. In the latter study, small intestine morphology by means of villi 
height, width, and surface area, intestinal muscle thickness, crypt depth, and goblet cell 
size and density were also not affected. However, in the current study the increase in 
diet density was much higher (+3 MJ ME /kg) than in Scott (2002) and Wang et al. 
(2015), which may partly explain the difference between the current study and the 
literature. 
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Increased intestinal length and weight as a result of increased diet density might be due to 
differences in the absolute FI level, nutrient intake levels, and diet ingredient composition. 
Increased intestinal length and weight as a result of lower FI seems unlikely, as it can be 
hypothesized that a lowered FI may result in a reduced need for surface area of the intestines 
for digestion and absorption of nutrients. However, lowered FI as a consequence of increased 
diet density coincided with an increased nutrient intake per gram of diet, resulting in a 
constant metabolizable energy intake (Chapter 4). Consequently, the intestine has to adapt 
to smaller FI amounts, but higher nutrient availability. Thus, it can be speculated that nutrient 
concentration per gram of diet may drive intestinal growth rather than the absolute amount 
of FI. Larger intestines likely increase villi surface area for absorption of nutrients, as nutrients 
are absorbed either actively (protein, carbohydrates) or passively (fats and oils) by transport 
via the enterocytes located in these villi (Denbow, 2015).
Lastly, it can also be hypothesized that increased intestinal length and weight affects transit 
time of the digesta through the gut. However, in young broiler chickens (7 to 42 d of age), 
the transit time was not affected by dietary fat inclusion up to 20% (Golian and Maurice, 
1992). Therefore, it seems unlikely that increased intestinal length and weight affect transit 
time through the gut. Summarizing, it might be that the broiler chicken is able to alter its 
absorptive capacity in the intestinal tract by means of increased intestinal length and weight 
and adapt to increased nutrient availability as a result of increased diet density.
As a supportive digestive organ, the pancreas secretes amylase, lipase, and trypsin for 
carbohydrate, fat, and protein digestion (Denbow, 2015), as well as hormones, such as 
insulin and glucagon that have a regulatory role in carbohydrate metabolism (Dupont et 
al., 2015). In the current study, both the absolute and relative pancreas weight reduced as 
diet density increased. This might be explained by the carbohydrate content of the diet, 
which was reduced with approximately 28% as the dietary fat level increased. On the 
contrary, dietary CP and fat fractions increased to approximately 17 and 42%, respectively 
as diet density increased. Combined with the lowered FI (portion size), it could be 
hypothesized that there is a lower requirement for metabolic processing of carbohydrates, 
facilitiated by the pancreas, thus resulting in a smaller pancreas weight. 
In the current study, it was also found that at 7 d of age both the absolute and relative liver 
weight decreased as dietary nutrient density increased. This corresponds with earlier work 
of Scott (2002), where increased diet density (+0.29 MJ ME /kg) also resulted in relative 
lower liver weights from 12 d of age onwards compared to a regular diet density. The liver 
is responsible for bile secretion that is used in fat digestion (Denbow, 2015) and it could be 
hypothesized that increased dietary fat levels in diets with increased nutrient density require 
increased bile secretion due to its function as an emulsifier of fat (not measured in this 
study). However, in the current study this did not result in increased liver weight. 
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A lowered liver weight could be due to its metabolic function to facilitate the increased 
growth rate that is associated with feeding increased diet densities. Young broiler chickens 
use approximately half of their retained energy for protein synthesis and retention (Buyse 
et al., 2004; Chapter 4). Obviously, protein synthesis requires energy, and its costs were 
found to range from 3 to 13 kJ per gram of protein synthesized (Aoyagi et al., 1988). The 
liver facilitates the processes of glycolysis (using glucose as input) and beta oxidation (using 
fatty acids as input) for energy yielding purposes (Salway, 2004). The glucose used for 
glycolysis is primarily of endogenous origin in young broiler chickens (Buyse et al., 2004). 
Whereas in mammals, the production of endogenous glucose would be facilitated through 
gluconeogenesis in the liver; in avian species this primarily occurs in the kidneys (Watford 
et al., 1981). The latter suggests that a higher energy requirement for growth and protein 
retention may result in increased glycolysis in the liver but neither increased gluconeogenesis 
(taking place elsewhere) nor storage of glycogen in the liver, as most of it will likely be used 
as fuel for growth, thus partly explaining a reduced liver weight. Fatty acids that are not 
used for energy yielding purposes through β-oxidation can be stored in the liver as 
triglycerides. However, due to the relatively high protein retention rate and synthesis in 
young broiler chickens, it is expected that fatty acids are (in addition to glucose) mainly 
used for energy yielding purposes (Buyse et al., 2004). Thus, reduced storage of fatty acids 
in the liver may also explicate to some extent a reduced liver weight. 
In conclusion, during the first wk of life, feeding higher diet densities resulted in linearly 
lowered ADG and ADFI, whereas G:F increased. Broiler chickens respond to high density 
diets by increasing intestinal weight and length while decreasing liver and pancreas weight. 
The altered organ lengths and weights may be an adaptive response to cope with reduced 
FI, but increased nutrient concentration. Increased diet densities did not affect N 
metabolizability or fat digestibility coefficients.
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ABSTRACT
This study aimed to determine effects of diet density, fed until different ages, on broiler 
chicken growth performance and carcass composition using a 4 x 3 factorial design. Four 
levels of dietary fat (3.5, 8.2, 12.8, and 17.5%) were fed until different ages (d 7, 14, or 34). 
Broiler chickens fed different diet densities until d 7 or 14 received a 3.5% dietary fat diet 
for the remaining experimental period. An increase in dietary fat level was parallelled by 
an increase in amino acids, minerals, and all premix ingredients. Consequently, diets were 
not kept isocaloric nor isonitrogenous. Feed intake and BW of broiler chickens were 
determined at d 0, 7, 14, and 34. At d 35, carcass weight, breast meat yield, and weights of 
the abdominal fat pad, liver, and pancreas were determined. Regardless of feeding phase, 
feeding denser diets resulted in a higher ME intake, ADG, and gain to feed ratio during 
the period that the diet contrasts existed (P < 0.001). Feeding denser diets till d 7 did not 
affect overall growth performance and carcass characteristics. Feeding denser diets till d 
14 resulted in a higher ADG and gain to feed ratio from d 0 to 34 and a lowered relative 
fat pad weight at slaughter (P < 0.001). Feeding denser diets till d 34 resulted in higher ME 
efficiencies, higher BW at slaughter, and lower relative breast meat yield (P < 0.001). ME 
efficiencies were neither affected by diet density from d 0 to 7 nor from d 14 to 34. However, 
from d 7 to 14 and d 0 to 34, the ME efficiency increased when feeding denser diets was 
continued (P < 0.001). It was determined that feeding increased diet densities to broiler 
chickens results in a higher ADG and gain to feed ratio but only during the period these 
diets are provided. 
Key words: broiler chickens, dietary fat, diet density, carcass composition
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INTRODUCTION
Increased dietary densities aim to increase nutrient intake of broiler chickens, resulting in 
higher gain and feed efficiency (Leeson et al., 1996). Diet density often refers to the dietary 
energy level. However, if one strives for a balanced increase in nutrient intake, an increase 
in dietary energy should be parallelled by an increase in protein (amino acids), minerals, 
and vitamins (Swennen et al., 2007). Elevated dietary energy levels are often achieved by 
increased inclusion of fats and oils in the diet at the expense of carbohydrates, as fats and 
oils deliver approximately twice as much energy than carbohydrates per gram included in 
the diet (Baião and Lara, 2005). 
While increased diet densities (containing relatively high dietary fat levels) are commonly 
applied in older broiler chickens, it is quite uncommon to feed this type of diet during the 
first week of life. High inclusion levels of fats and oils in broiler diets during this age period 
are avoided due to the apparent lowered digestion and absorption of fats and oils at that 
age (Ravindran et al., 2016). Recent research has shown, however, that feeding broiler 
chickens high diet densities (containing up to 17.5% dietary fat; combined with increased 
mineral and amino acid levels) during the first week of life resulted in lower ADG and 
nutrient efficiency, whereas the post-absorptive protein and fat retention was not affected 
(Chapter 4). In the same study, broiler chickens adapted to high density diets by means of 
lowered liver and pancreas weights, whereas intestinal weights and lengths relative to body 
weight increased (Chapter 5). In other studies, broiler chickens were also found to 
physiologically adapt to increased diet densities by altered intestinal development (size, 
morphology), nutrient absorptive capacity (intestinal nutrient transporters), and other 
metabolic constituents (Scott, 2002; Wang et al., 2014; Wang et al., 2015; Li et al., 2016).
Even though broiler chickens seem capable of metabolizing high diet densities during the 
first week of life, it remains unknown whether there are any adaptive consequences when 
either switching to a low diet density, or when feeding broiler chickens high diet densities 
after the first week of life is continued during the starter and grower phase. Therefore, the 
objective of this study was to determine long-term effects of diet density, fed until different 
ages, on broiler chicken growth performance, ME efficiency, and carcass composition. 
MATERIALS AND METHODS
 All procedures in this study were approved by the Ethical Committee of the Animal 
Sciences group of Wageningen University & Research, the Netherlands.
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Experimental  design
The study was set up as a 4 x 3 factorial design. Four levels of diet density were combined 
with 3 feeding durations. The 4 levels of diet density (obtained through variable dietary fat 
levels: 3.5, 8.2, 12.8, and 17.5%) were fed to broiler chickens from d 0 till either d 7 (pre-
starter phase), d 14 (pre-starter plus starter phase), or d 34 (pre-starter, starter, plus grower 
phase). An increase in dietary fat was parallelled by an increase in amino acids, minerals, 
and all premix ingredients. Treatments with different diet densities administered until d 7 
or 14 were followed by a 3.5% dietary fat diet for the remaining experimental period (from 
d 7 till 34 or from d 14 till 34, respectively). Per treatment combination, 90 male broiler 
chickens were evenly distributed over 6 pens (n = 72 pens total). All chickens had ad libitum 
access to feed and water throughout the experimental period. 
Birds  and housing
A total of 1,080 Ross 308 male one-day old broiler chickens, derived from a 53 wk old 
broiler breeder flock, were purchased from a commercial hatchery (Morren BV, the 
Netherlands) and randomly allocated to 72 pens in a grow-out facility of Cargill (the 
Netherlands). Pens were divided over six blocks of 12 pens each, and each pen contained 
15 broiler chickens that had similar total weights per pen within a block. Pens had a raised 
metal floor that was covered with a 2-cm layer of wood shavings. Artificial lighting was set 
for 23 h/d from d 0 to 2, 20 h/d from d 2 to 6, and 18 h/d from d 7 to 34. The temperature 
was set to decrease gradually by 0.5°C per day during the first 14 d, from 34°C at d 0. From 
d 14 onwards, the temperature was set to decrease gradually until a final temperature of 
20°C was reached at d 34. At the start of the study, feed was supplied using a feeder placed 
within the pen. From d 14 onwards, the feed was supplied in a metal feeder trough placed 
in front of the pen. Each pen was equipped with four cup drinkers adjustable in height. 
The caretaking schedule consisted of two inspections per day, which also included a health 
check. Mortality was recorded daily.
Experimental  diets
Diets were formulated based on digestibility and nutrient data provided by CVB (2007). As 
diet density increased, amino acids, minerals, and all premix ingredients increased at the 
same ratio as the dietary energy level. Consequently, diets neither remained isocaloric nor 
isonitrogenous. Soybean oil was used as the fat source to increase the dietary fat level among 
treatments. Diet compositions as well as calculated and analyzed nutrient values are shown 
in Table 1a-c. For each feeding phase (pre-starter, starter, and grower phase), basal diets were 
produced for the lowest (3.5% dietary fat) and highest (17.5% dietary fat) diet densities. Diet 
densities in between were obtained by blending the two basal diets for feeding each phase in 
different ratios. All diets were produced in mash form by Research Diet Services (the 
Netherlands). 
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Table 1a. Ingredient and nutritional composition of the experimental pre-starter (d 0 to 7) diets
Phase Pre-starter, d 0 to 7
Dietary fat level, % 3.5 8.2 12.8 17.5
Ingredient composition, g/kg
Corn 655.3 565.4 475.4 385.6
Soybean meal HP, >48% CP 168.4 195.4 222.4 249.4
Potato protein , 77% CP 50.0 54.0 57.9 61.9
Soy protein isolate 50.0 54.0 57.9 61.9
Corn gluten meal 20.0 21.6 23.2 24.8
Soybean oil 8.5 57.7 107.0 156.2
Monocalciumphosphate 17.8 19.5 21.2 22.8
Limestone 14.3 15.3 16.3 17.3
Salt 1.1 1.4 1.7 2.0
Sodiumbicarbonate 1.1 1.0 0.9 0.8
DL-Methionine 1.9 2.4 2.8 3.3
L-Lysine HCl 1.6 1.6 1.7 1.7
Premix starter1 10.0 10.8 11.6 12.3
Calculated chemical composition, g/kg
CP 235 248 261 274
Crude fat 35 82 128 175
Crude ash 57 61 64 68
DM 889 894 900 906
Carbohydrates2 561 504 447 389
AMEn, kcal/kg3 2,908 3,126 3,343 3,561
Dig. lys 12.0 12.9 13.9 14.8
Calcium 9.0  9.7 10.4 11.1
Phosphorous 7.6 8.0 8.3 8.7
Analyzed chemical composition, g/kg
Crude fat 39 84 125 166
Crude ash 50 54 58 61
DM 892 898 903 913
Calcium 9.5 - - 11.3
Phosphorous 7.6 - - 8.6
Particle size, %
  >0.0 mm 58.8 56.3 18.5 12.3
  >0.5 mm 25.6 27.9 60.3 44.8
  >1.0 mm 9.1 9.6 12.9 23.1
  >1.4 mm 3.6 3.3 4.4 10.6
  >1.7mm 1.7 1.8 2.2 5.1
  >2.0 mm 0.9 0.9 1.2 3.3
  >2.5 mm 0.3 0.2 0.4 0.6
  >2.8 mm 0.0 0.0 0.1 0.2
1 Contributed per kilogram of diet: thiamine, 1.0 mg; riboflavin, 4.5 mg; niacinamide, 40 mg; D-pantothenic 
acid, 9 mg; pyridoxine-HCL, 2.7 mg; choline chloride, 500 mg; cyanocobalamin, 20 μg; vitamin E (DL-α-
tocopherol), 33 IU; menadione, 2.3 mg; vitamin A (retinyl-acetate), 12,000 IU; cholecalciferol, 5,000 IU; biotin, 
100 μg; folic acid, 0.5 mg; FeSO4∙H2O, 150 mg; MnO2, 100 mg; CuSO4∙5H2O, 40 mg; ZnSo4∙H2O, 145 mg; Na2SeO3, 
0.56 mg; KI, 2.0 mg; antioxidant (oxytrap PXN), 125 mg. 2 Carbohydrate content calculated as: 1,000 - crude 
protein - crude fat - moisture - crude ash. 3 AMEn = calculated according to CVB (2007).
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Table 1b. Ingredient and nutritional composition of the experimental starter (d 7 to 14) diets
Phase Starter, d 7 to 14
Dietary fat level, % 3.5 8.2 12.8 17.5
Ingredient composition, g/kg
Corn 629.3 533.3 437.3 341.3
Soybean meal HP, >48% CP 315.6 357.9 400.2 442.6
Soybean oil 7.9 57.1 106.4 155.6
Monocalciumphosphate 13.9 15.3 16.7 18.1
Limestone 13.8 14.7 15.7 16.6
Salt 3.6 2.9 2.3 1.7
Sodiumbicarbonate 0.3 1.6 3.0 4.3
DL-Methionine 2.6 3.1 3.6 4.1
L-Lysine HCl 2.4 2.4 2.3 2.3
L-Threonine 0.7 0.8 1.0 1.1
Premix starter1 10.0 10.8 11.5 12.3
Calculated chemical composition, g/kg
CP 210 223 235 247
Crude fat 35 82 128 175
Crude ash 59.9 64 69 73
DM 883 888 893 899
Carbohydrates2 578 520 462 404
AMEn, kcal/kg3 2,757 2,969 3,163 3,357
Dig. lys 11.1 12.0 12.8 13.7
Calcium 8.5  9.2  9.8 10.5
Phosphorous 7.0 7.3 7.6 8.0
Analyzed chemical composition, g/kg
Crude fat 39 81 118 163
Crude ash 57 60 62 62
DM 888 893 899 903
Calcium 8.8 - - 11.2
Phosphorous 7.1 - - 8.1
Particle size, %
  >0.0 mm 27.9 38.6 28.9 1.3
  >0.5 mm 48.3 39.3 44.4 5.6
  >1.0 mm 15.1 13.6 16.6 37.3
  >1.4 mm 4.8 4.7 5.6 26.2
  >1.7mm 2.2 2.1 2.6 13.5
  >2.0 mm 1.3 1.3 1.2 10.3
  >2.5 mm 0.3 0.2 0.3 2.8
  >2.8 mm 0.1 0.2 0.4 3.0
1  Contributed per kilogram of diet: thiamine, 1.0 mg; riboflavin, 4.5 mg; niacinamide, 40 mg; D-pantothenic 
acid, 9 mg; pyridoxine-HCL, 2.7 mg; choline chloride, 500 mg; cyanocobalamin, 20 μg; vitamin E (DL-α-
tocopherol), 33 IU; menadione, 2.3 mg; vitamin A (retinyl-acetate), 12,000 IU; cholecalciferol, 5,000 IU; biotin, 
100 μg; folic acid, 0.5 mg; FeSO4∙H2O, 150 mg; MnO2, 100 mg; CuSO4∙5H2O, 40 mg; ZnSo4∙H2O, 145 mg; Na2SeO3, 
0.56 mg; KI, 2.0 mg; antioxidant (oxytrap PXN), 125 mg. 2 Carbohydrate content calculated as: 1,000 - crude 
protein - crude fat - moisture - crude ash. 3 AMEn = calculated according to CVB (2007).
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Table 1c. Ingredient and nutritional composition of the experimental grower (d 14 to 34) diets
Phase Grower, d 14 to 34
Dietary fat level, % 3.5 8.2 12.8 17.5
Ingredient composition, g/kg
Corn 657.0 563.8 470.6 377.4
Soybean meal HP, >48% CP 291.1 331.5 371.9 412.3
Soybean oil 7.5 56.6 105.8 155.0
Monocalciumphosphate 12.5 13.7 14.9 16.2
Limestone 12.1 12.9 13.6 14.4
Sodiumbicarbonate 3.6 3.6 3.6 3.6
Salt 0.9 1.2 1.5 1.7
DL-Methionine 2.4 2.9 3.4 3.8
L-Lysine HCl 2.3 2.2 2.2 2.1
L-Threonine 0.7 0.9 1.0 1.2
Premix grower1 10.0 10.8 11.5 12.3
Calculated chemical composition, g/kg
CP 201 212 224 236
Crude fat 35 82 128 175
Crude ash 56.4 60 63 67
DM 883 888 893 899
Carbohydrates2 591 534 478 421
AMEn, kcal/kg3 2,795 2,999 3,204 3,408
Dig. lys 10.4 11.2 12.0 12.8
Calcium 7.6  8.1  8.7 9.3
Phosphorous 6.6 6.9 7.1 7.4
Analyzed chemical composition, g/kg
Crude fat 37 80 122 152
Crude ash 51 55 59 59
DM 886 894 900 904
Calcium 8.4 - - 10.3
Phosphorous 6.7 - - 7.6
Particle size. %
  >0.0 mm 30.9 36.9 27.5 1.1
  >0.5 mm 44.4 39.9 46.3 5.3
  >1.0 mm 16.4 14.6 16.6 32.1
  >1.4 mm 4.8 5.0 5.7 26.1
  >1.7mm 2.0 2.1 2.3 14.3
  >2.0 mm 1.1 1.1 1.2 14
  >2.5 mm 0.3 0.2 0.2 3.4
  >2.8 mm 0.1 0.2 0.2 3.7
1 Contributed per kilogram of diet: thiamine, 0.8 mg; riboflavin, 4.5 mg; niacinamide, 30 mg; D-pantothenic 
acid, 8 mg; pyridoxine-HCL, 1.9 mg; choline chloride, 400 mg; cyanocobalamin, 20 μg; vitamin E (DL-α-
tocopherol), 22 IU; menadione, 2.3 mg; vitamin A (retinyl-acetate), 10,000 IU; cholecalciferol, 2,000 IU; biotin, 
50 μg; folic acid, 0.5 mg; FeSO4∙H2O, 150 mg; MnO2, 100 mg; CuSO4∙5H2O, 40 mg; ZnSo4∙H2O, 145 mg; Na2SeO3, 
0.50 mg; KI, 1.9 mg; antioxidant (oxytrap PXN), 125 mg. 2 Carbohydrate content calculated as: 1,000 - crude 
protein - crude fat - moisture - crude ash. 3 AMEn = calculated according to CVB (2007).
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After production, all diets were analyzed for crude fat by acid hydrolysis (ISO 6492, 1999), 
DM (ISO 6496, 1999), ash (ISO 5984, 2002), and calcium and phosphorous content by ICP-
AES (ISO 27085, 2009). Particle size was determined by dry sieving a 100 g feed sample for 
3 min using a vibratory sieve shaker (Retsch AS 200; Retsch, Germany).
Data col lect ion
Chickens were weighed on d 0, 7, 14, 21, 28, and 34. At d 0, only the group BW was determined, 
whereas at the other days individual BW were determined. Feed consumption was recorded 
per pen on the same days as the chickens were weighed. The gain to feed ratio (G:F; kg of 
weight gain / kg of feed consumed) was calculated based on calculated ADG and ADFI. ME 
efficiencies were calculated as g BW gain per MJ of ME intake. ME efficiencies were also 
calculated per MJ of ME available for growth (MEgrowth), correcting for ME for maintenance 
(MEm). The daily MEm requirement was calculated using a MEm value of 0.598 MJ/kg0.75/d 
(Lopez and Leeson, 2005). MEgrowth was calculated as the difference between total ME intake 
and MEm. ADG, ADFI, G:F, and ME efficiencies (corrected and uncorrected for MEm) were 
calculated from d 0 to 7, d 7 to 14, d 14 to 34, and d 0 to 34.
At d 35, after 8 h of starvation, five randomly chosen broiler chickens per pen were weighed, 
killed using carbon dioxide, and dissected to determine breast meat yield (pectoralis major, 
pectoralis minor, sternum, plus clavicle) and weights of the abdominal fat pad, liver, and 
pancreas. Breast meat yield, abdominal fat pad, liver, and pancreas weights were calculated 
as a percentage of carcass weight (CW). Carcass weight included feathers, but excluded 
head, organs, intestines, blood, and legs distal to the hock. Mortality was checked on a daily 
basis and calculated per feeding phase.
Stat ist ica l  analysis
Data were analyzed, using the pen as the experimental unit. Data were subjected to mixed 
model analysis, using the PROC GLIMMIX procedure in SAS (Version 9.3, 2011, SAS 
Institute Inc., Cary, NC, United States) according to the following statistical model: 
Yijk = μ + αi + βj + α × βij + ck + εijk
where Yijk = dependent variable, μ = overall mean, αi = fixed effect of dietary fat level (i = 
3.5, 8.2, 12.8, or 17.5%), βj = fixed effect of feeding duration (j = d 0 to 7, d 0 to 14, or d 0 
to 34), α × βij = the interaction between dietary fat level and feeding duration, ck = random 
block effect (k = 1, 2, ..., 6), and εijk = residual error. Mortality data were analyzed as binomial 
distributed data, using the same statistical model. Data are expressed as least square (LS) 
means ± SEM. LSmeans were compared after being corrected with a Tukey test for multiple 
comparisons and effects were considered to be significant when P ≤ 0.05. For age periods 
d 0 to 7 and d 7 to 14, only the biologically relevant main effects and interactions are 
reported.
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RESULTS
Pre-star ter  phase  (d  0  to  7)
During the pre-starter phase (d 0 to 7), feeding increased diet densities resulted in higher 
ADG (∆ = 22% or 3.7 g/d between 3.5 and 17.5% dietary fat) and G:F (∆ = 20% or 0.264 
between 3.5 and 17.5% dietary fat; P < 0.001; Table 2). Feeding diets with 12.8 and 17.5% 
dietary fat resulted in higher relative (Figure 1a) and absolute (Figure 1) BW gain between 
d 0 and 7 than feeding diets with 3.5 and 8.2% dietary fat. Despite a lowered ADFI of broiler 
chickens as a result of feeding increased diet densities (∆ = 3% or 0.5 g/d between 3.5 and 
17.5% dietary fat; P < 0.001; Table 2), the ME intake increased (∆ = 19% or 38 kJ/d between 
3.5 and 17.5% dietary fat; P < 0.001; Table 3). 
Star ter  phase  (d  7  to  14)
During the starter phase (d 7 to 14), an interaction between diet density and feeding phase 
was found for ADG and G:F (P < 0.001; Table 2). ADG did not differ among diet densities 
when fed only from d 0 to 7, but increased with higher diet densities when fed from d 0 to 
14 (∆ = 37% or 12.8 g/d between 3.5 and 17.5% dietary fat). G:F increased with higher diet 
densities when fed from d 0 to 7 (∆ = 3.7% or 0.028 between 3.5 and 17.5% dietary fat) and 
also from d 0 and 14 (∆ = 33% or 0.243 between 3.5 and 17.5% dietary fat). Continued feeding 
of increased diet densities resulted in a higher absolute BW difference from d 7 to 14 compared 
to the 3.5% dietary fat treatment, which was more pronounced for 17.5% compared with 8.2 
and 12.8% dietary fat (Figure 1b). When switching from increased diet densitities to the 3.5% 
dietray fat control treatment after d 7, the relative BW difference decreased (especially after 
feeding 12.8 and 17.5% dietary fat from d 0 to 7; Figure 1a), whereas the absolute difference 
in BW was maintained between treatments (Figure 1b). ADFI from d 7 to 14 was not affected 
by diet density or feeding phase, but for ME intake an interaction between these two factors 
was found (P < 0.001; Table 3). ME intake did not differ among diet densities when fed from 
d 0 to 7, but increased with higher diet densities when fed from d 0 to 14 (∆ = 25% or 136 
kJ/d between 3.5 and 17.5% dietary fat).
Interactions between diet density and feeding phase were found for ME efficiency between 
d 7 and 14 (P < 0.001; Table 4). The ME efficiency was not affected by diet density when fed 
from d 0 to 7, but it was lower (at 3.5% compared to 17.5% dietary fat) when fed from d 0 to 
14, with the other dietary fat levels in between (∆ = 9.7% or 6.2 g gain/MJ ME between 3.5 
and 17.5% dietary fat for ME efficiency). Continued feeding of increased diet densities resulted 
in a higher MEgrowth to MEm ratio compared to the 3.5% dietary fat treatment and the ratio 
lowered when feeding increased diet densities was discontinued (Figure 2a). Discontinued 
feeding increased diet densities (12.8 and 17.5% dietary fat) resulted in a higher ME efficiency 
corrected for MEm compared to continued feeding of these density levels, whereas the opposite 
effect was found when feeding 8.2% dietary fat (Figure 2c).
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Figure 1. BW differences at d7, 14, 21, 28, and 34 when feeding different diet densities, expressed as relative 
difference (A) and absolute difference (B) to the lowest diet density (continuous feeding of 3.5% dietary fat). 
Continued (-), discontinued from d 7 (- ∙ ∙), and discontinued from d 14 (- -) feeding of increased diet densities 
shown. 
DIET DENSITY AND BROILER PERFORMANCE |  123
6
Grower phase  (d  14 to  34)
During the grower phase (d 14 to 34), an interaction between diet density and feeding phase 
was found for ADG and G:F (P < 0.001; Table 2). ADG and G:F did not differ among diet 
densities when fed from d 0 to 7 or d 0 to 14, but increased with higher diet densities when 
fed from d 0 to 34 (ADG ∆ = 29% or 22.4 g/d between 3.5 and 17.5% dietary fat; G:F ∆ = 
26% or 0.165 between 3.5 and 17.5% dietary fat). In general, the relative BW difference as 
a result of continued feeding of increased diet densities increased until d 21, followed by a 
slow decrease from d 21 to 34 (Figure 1a). Continued feeding of increased diet densities 
resulted in a higher absolute BW difference from d 14 to 34 compared to discontinued 
treatments (Figure 1b). On the contrary, returning to 3.5% dietary fat after feeding higher 
diet density resulted in a lowered relative BW difference (that was steepest after feeding 
17.5% dietary fat; Figure 1a), whereas the absolute difference in BW difference was 
maintained compared to continually feeding the 3.5% dietary fat level (Figure 1b). ADFI 
between d 14 and 34 was affected by diet density and feeding phase (P = 0.022 and P = 
0.008, respectively; Table 2). Regardless of feeding phase, ADFI was lower at 3.5% dietary 
fat than at 8.2 and 12.8% dietary fat, with 17.5% in between (∆ = 3.5% or 4.3 g/d for 3.5 vs. 
8.2 and 12.8% dietary fat, P = 0.022). 
Furthermore, ADFI between d 14 and 34 was higher when increased diet densities were 
fed from d 0 to 34 compared to feeding them from d 0 to 14 only (∆ = 3.5% or 4.3 g/d). For 
ME intake an interaction between diet density and feeding phase was found (P < 0.001; 
Table 3). ME intake from d 14 to 34 did not differ among diet densities when fed only from 
d 0 to 7 or d 0 to 14, but increased with higher diet densities fed between d 0 to 34 (∆ = 
25% or 352 kJ/d between 3.5 and 17.5% dietary fat).
ME efficiency between d 14 and 34 showed an interaction between diet density and feeding 
phase (P < 0.015; Table 4), but no clear pattern among treatments could be observed. The 
maximum difference among treatments was 2.5 g gain/MJ ME. Similar to the starter phase 
(d 7 to 14), continued feeding of increased diet densities resulted in a higher MEgrowth to 
MEm ratio compared to the 3.5% dietary fat treatment and lowered when feeding increased 
diet densities was discontinued (Figure 2a). Discontinued feeding of increased diet densities 
(17.5% dietary fat) at d 7 resulted in a higher ME efficiency corrected for MEm from d 14 
to 34 compared to continued feeding at this density level, whereas the opposite effect was 
found for the treatment with 12.8% dietary fat and no effect was found for the treatment 
with 8.2% dietary fat (Figure 2c). Discontinued feeding of increased diet densities (12.8 
and 17.5% dietary fat) at d 14 resulted in higher ME efficiencies corrected for MEm from 
d 14 to 34 compared to continued feeding of these density levels, whereas no effect was 
found when feeding 8.2% dietary fat (Figure 2c). 
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O veral l  (d  0  to  34)
An interaction between diet density and feeding phase was found for ADG and G:F between 
d 0 and 34 (P < 0.001; Table 2). ADG was not affected by diet density when fed only from 
d 0 to 7, but increased with higher diet densities when fed from d 0 to 14 (∆ = 10% or 5.3 
g/d between 3.5 and 17.5% dietary fat), with 8.2 and 12.8% dietary fat in between. The 
relative increase in ADG was even higher when increased diet densities were fed from d 0 
to 34 (∆ = 28% or 15.8 g/d between 3.5 and 17.5% dietary fat). Similar to ADG, G:F did 
not differ among diet densities when fed only from d 0 to 7. However, G:F increased with 
higher diet densities when fed from d 0 to 14 (∆ = 6.3% or 0.042 between 3.5 and 17.5% 
dietary fat), with 12.8% dietary fat in between. The increase in G:F was even higher when 
increased diet densities were fed from d 0 to 34 (∆ = 27% or 0.177 between 3.5 and 17.5% 
dietary fat).
Between d 0 and 34, a diet containing 8.2% dietary fat resulted in higher ADFI than when 
feeding a diet containing 3.5% dietary fat (∆ = 3.6% or 3.0 g/d; P = 0.014; Table 2), with 
12.8 and 17.5% dietary fat in between. ME intake did not differ among diet densities when 
fed only from d 0 to 7, but increased with higher diet densities when fed from d 0 to 14 (∆ 
= 13% or 122 kJ/d between 3.5 and 17.5% dietary fat). The relative increase in ME intake 
was even higher when increased diet densities were fed from d 0 to 34 (∆ = 24% or 235 
kJ/d between 3.5 and 17.5% dietary fat). 
An interaction between diet density and feeding phase was found for ME efficiency between 
d 0 and 34 (P < 0.01, Table 4). ME efficiency was not affected by diet density when fed from 
d 0 to 7 or from d 0 to 14, but increased with higher diet densities when fed from d 0 to 34 
(∆ = 3.9% or 2.2 g BW gain/MJ ME between 3.5 and 17.5% dietary fat). Diet density and 
feeding phase did not affect mortality (average mortality between d 0 and 34: 6.43%; P > 
0.05; data not shown).
t Figure 2. The ME for growth to ME for maintenance ratio (A), the daily ME available for growth (B), and 
grams of BW gain per MJ of ME available for growth (C) at different age periods; d 0 to 7, 7 to 14, 14 to 21, 21 to 
28, and 28 to 34 when feeding different diet densities. Grams of BW gain expressed per MJ is expressed as absolute 
difference to the lowest diet density (continuous feeding of 3.5% dietary fat). Continued (-), discontinued from 
d 7 (- ∙ ∙), and discontinued from d 14 (- -) feeding of increased diet densities shown.
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Table 3. The effect of diet density and feeding duration on AME intake (kJ/d) of broiler chickens, expressed 
as least squares means1
AME intake, kJ/d
Item 0-7 7-14 14-34 0-34
Dietary Fat Level, %
3.5 202d 550 1,420 985
8.2 223c 596 1,508 1,061
12.8 231b 607 1,543 1,095
17.5 240a 640 1,563 1,126
SEM (n = 18) 2 10 13 8
Feeding Phase
Pre-starter, d 0 to 7 - 560 1,453 1,030
Pre-starter to Starter, d 0 to 14 - 619 1,430 1,040
Pre-starter to Grower, d 0 to 34 - - 1,643 1,130
SEM (n = 24) - 9 11 7
Dietary Fat Level × Feeding Phase2
PS S G
3.5 - - - 564cd 1,440c 997efg
8.2 - - - 558cd 1,427c 1,009efg
12.8 - - - 553cd 1,474c 1,051def
17.5 - - - 565cd 1,472c 1,064de
3.5 3.5 - - 549d 1,393c 972g
8.2 8.2 - - 607bc 1,453c 1,038defg
12.8 12.8 - - 634ab 1,435c 1,057de
17.5 17.5 - - 685a 1,438c 1,094cd
3.5 3.5 3.5 - - 1,428c 985gf
8.2 8.2 8.2 - - 1,645b 1,138bc
12.8 12.8 12.8 - - 1,718ab 1,178ab
17.5 17.5 17.5 - - 1,780a 1,220a
SEM (n = 6) - 14 22 14
P-value
Dietary Fat Level <0.001 <0.001 <0.001 <0.001
Feeding Phase - <0.001 <0.001 <0.001
Dietary Fat Level × Feeding Phase - <0.001 <0.001 <0.001
1 Each treatment consisted of 6 pens with 15 male chickens per pen at the start of the study. 2 Dietary fat level 
expressed as percentage; feeding phases: pre-starter (d 0 to 7, PS), starter (d 7 to 14, S), grower (d 14 to 34, 
G) phase. a-g LSmeans within a column and factor lacking a common superscript differ (P ≤ 0.05).
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Table 4. Effects of diet density and feeding phase on ME efficiency (MEη), expressed as g gain per MJ 
consumed, expressed as least squares means1,2
MEη,  g BW gain / MJ consumed
Item 0-7 d 7-14 d 14-34 d 0-34 d
Dietary Fat Level, %
3.5 85.1 64.8 55.3 57.7
8.2 85.8 67.1 55.1 57.8
12.8 86.3 68.6 54.8 57.8
17.5 86.8 68.9 55.5 58.5
SEM (n = 18) 0.6 0.7 0.5 0.5
Feeding Phase
Pre-starter, d 0 to 7 - 65.6 55.3 57.9
Pre-starter to Starter, d 0 to 14 - 67.6 54.6 57.6
Pre-starter to Grower, d 0 to 34 - - 55.7 58.4
SEM (n = 24) - 0.7 0.5 0.4
Dietary Fat Level ×Feeding Phase3
PS S G
3.5 - - - 64.7cd 56.6a 58.8ab
8.2 - - - 64.3cd 55.1ab 57.6ab
12.8 - - - 66.1bcd 54.5ab 57.2ab
17.5 - - - 67.1abd 55.2ab 58.0ab
3.5 3.5 - - 63.7b 54.9ab 57.2ab
8.2 8.2 - - 68.1ab 54.4ab 57.5ab
12.8 12.8 - - 68.9ab 54.1b 57.4ab
17.5 17.5 - - 69.9a 54.8ab 58.4ab
3.5 3.5 3.5 - - 54.5ab 57.0c
8.2 8.2 8.2 - - 55.8ab 58.5ab
12.8 12.8 12.8 - - 56.0ab 58.8ab
17.5 17.5 17.5 - - 56.5a 59.2a
SEM (n = 6) - 0.9 0.6 0.6
P-value
Dietary Fat Level 0.293 <0.001 0.389 0.066
Feeding Phase - <0.001 0.006 0.048
Dietary Fat Level ×Feeding Phase - 0.006 0.015 0.006
1 Calculated based on analyzed nutrient values, except for metabolizable energy (calculated). 2 Each treatment 
consisted of 6 pens with 15 male chickens per pen at the start of the study. 3 Dietary fat level expressed as 
percentage; feeding phases: pre-starter (d 0 to 7, PS), starter (d 7 to 14, S), grower (d 14 to 34, G) phase. 
a-i LSmeans within a column and factor lacking a common superscript differ (P ≤ 0.05).
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Carcass  composit ion (d 35)
An interaction between diet density and feeding phase was found for BW, carcass yield, 
and breast meat yield at d 35 (P ≤ 0.015; Table 5). BW and carcass yield did not differ among 
diet densities when fed only from d 0 to 7 or d 0 to 14, but increased with higher diet 
densities when fed from d 0 to 34 (∆ = 24% and 3.5% relatively or 464 g and 2.7% absolute 
between 3.5 and 17.5% dietary fat for BW at 35 d and carcass yield, respectively). Breast 
meat yield also did not differ among diet densities when fed only from d 0 to 7 or d 0 to 
14, but was lowered with higher diet densities when fed from d 0 to 34 (∆ = 6.2% relatively 
or 2.0% absolute between 3.5 and 17.5% dietary fat). A tendency (P = 0.058) for an 
interaction between diet density and feeding phase was observed for relative fat pad weights 
(Table 5). Feeding increased diet densities from either d 0 to 7 or 0 to 14 resulted in lowered 
fat pad weights (average ∆ = -13%), whereas this effect was the opposite when feeding 
increased diet densities from d 0 to 34 (∆ = 22%; Table 5). The relative fat pad size was 
higher when increased diet densities were fed from d 0 to 7 or d 0 to 34 compared to feeding 
increased diet densities from d 0 to 14 (∆ = 19% relatively or 0.14% absolute; P < 0.001; 
Table 5). The relative pancreas weight was lower when increased diet densities were fed 
from d 0 to 34 compared with feeding increased diet densities from d 0 to 7 and d 0 to 14 
(∆ = 17% relatively or 0.045% absolute ; P < 0.001; Table 5).
DISCUSSION
The aim of the current study was to determine whether increased diet density, fed until 
different ages, affected broiler chicken growth performance and carcass composition. In 
general, increased diet density increased ADG, G:F, and ME intake during the periods the 
denser diets were fed. ME efficiency was influenced from d 7 onward by diet density. An 
increased diet density, fed during the entire grow-out period, resulted in increased BW at 
slaughter and lowered breast meat yield. In addition, feeding increased diet densities 
resulted in a lowered relative pancreas weight when fed between d 0 and 34, whereas a 
lower relative fat pad weight was found when increased diet densities were only fed between 
d 0 and 14. 
Growth performance
In the current study, increased diet densities resulted in increased ME intake, ADG, and 
G:F during the first week of life, whereas ADFI was lowered and ME efficiency was not 
affected. Current results are in line with Brickett et al. (2007), where feeding mash diets 
with increased densities also increased ADG and G:F during the first week. However, in 
that study ADFI was not affected by diet density. The latter might be explained by differences 
in diet density level used, as in the current study, the increase in density level was about 
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Table 5. Effects of diet density and feeding phase on empty BW, relative carcass and organ size of broiler chickens 
at d 35, expressed as least squares means1
Item BW, Carcass2 Breast3 Fat pad4 Liver Pancreas
g % % % % %
Dietary Fat Level, %
3.5 1,923 77.7 34.3 0.83 2.93 0.30
8.2 2,058 78.6 34.4 0.85 2.94 0.30
12.8 2,075 78.5 33.8 0.80 2.94 0.27
17.5 2,153 79.1 33.9 0.81 3.03 0.29
SEM (n = 18) 24 0.3 0.3 0.04 0.04 0.01
Feeding Phase 
Pre-starter, d 0 to 7 1,981 78.5 34.5 0.85a 2.91 0.31a
Pre-starter to Starter, d 0 to 14 1,978 78.0 34.3 0.73b 3.01 0.30a
Pre-starter to Grower, d 0 to 34 2,199 78.9 33.6 0.89a 2.97 0.26b
SEM (n = 24) 20 0.3 0.2 0.03 0.04 0.01
Dietary Fat Level × Feeding Phase 5
PS S G
3.5 - - 1,937c 78.5abcd 34.5a 0.91 2.90 0.31
8.2 - - 1,966c 78.4abcd 34.3ab 0.90 2.88 0.32
12.8 - - 1,977c 78.3abcd 34.7a 0.82 2.92 0.30
17.5 - - 2,042bc 79.0abc 34.6a 0.76 2.93 0.33
3.5 3.5 - 1,922c 77.4cd 34.1ab 0.76 2.97 0.31
8.2 8.2 - 1,993c 78.3abcd 34.4ab 0.76 2.98 0.30
12.8 12.8 - 1,954c 78.0bcd 33.9abc 0.70 2.98 0.29
17.5 17.5 - 2,042bc 78.3abcd 34.8a 0.69 3.10 0.30
3.5 3.5 3.5 1,911c 77.2d 34.4ab 0.81 2.94 0.29
8.2 8.2 8.2 2,216ab 79.0abc 34.5a 0.88 2.95 0.29
12.8 12.8 12.8 2,293a 79.3ab 32.9bc 0.88 2.91 0.22
17.5 17.5 17.5 2,375a 79.9a 32.4c 0.99 3.07 0.23
SEM (n = 6) 41 0.4 0.4 0.05 0.07 0.02
P-value
Dietary Fat Level <0.001 <0.001 0.099 0.688 0.207 0.119
Feeding Phase <0.001 0.004 <0.001 <0.001 0.106 <0.001
Dietary Fat Level × Feeding Phase <0.001 0.015 <0.001 0.058 0.950 0.179
1 Each treatment consisted of 6 pens with 5 males chickens dissected per pen. 2 Carcass: including feathers, but 
excluding head, organs, intestines, blood, and inferior to the hock. 3 Breast meat yield (pectoralis major, 
pectoralis minor, sternum, plus clavicle), expressed as percentage of carcass weight. 4 Abdominal fat pad. 5 
Dietary fat level expressed as percentage; feeding phases: pre-starter (d 0 to 7, PS), starter (d 7 to 14, S), grower 
(d 14 to 34, G) phase. a-d LSmeans within a column and factor lacking a common superscript differ (P ≤ 0.05).
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two times higher (600 vs. 300 kcal AME/kg) compared to the work of Brickett et al. (2007). 
Jackson et al. (1982a; b) already suggested that an increased diet density reduces ADFI with 
increasing ME intake, but only if the difference in diet density is large enough (1,000 kcal 
AME/kg).
Current results on growth performance during the first week of life partially contradict 
previous work (Chapter 4), where feeding of similar diet density levels during the first 
week of life resulted in linearly decreased BW, whereas ME intake was maintained. 
Differences in ME intake response between the two studies might be explained by 
differences in absolute feed intake. The average absolute feed intake level during the first 
week of life appears to be similar in the current and previous work (16.6 g/d in current 
study vs. 16.7 g/d from d 0 to 7 in Chapter 4). However, the difference in feed intake 
between low and high density diets appears to be smaller in the current work (0.5 g/d in 
the current study vs. 3.4 g/d in previous work, comparing 3.5 vs. 17.5% dietary fat). 
Feeding increased diet densities resulted in increased ME intake, ADG, and G:F not only 
in the first week, but also during the entire experimental period (d0 to 34). The linear 
increase in ME intake due to feeding increased diet densities is contradictory to previous 
research, where broiler chickens were found to maintain a constant ME intake (Leeson et 
al., 1996; Chapter 4), but it is in agreement with other research where a similar effect of 
increased diet density on ME intake was observed (Jackson et al., 1982a; Saleh et al., 2004; 
Brickett et al., 2007). 
Differences in feed intake and ME intake between the current study, results of Chapter 4, 
and literature may be explained by the physical form of the diet. Pelleted diets (as fed in 
Chapter 4) facilitate an easier uptake of nutrients compared to mash diets. The latter would 
enable chickens to easier fulfil their maximal nutritional requirements and thus subsequently 
reduce their feed intake with high density diets. This is confirmed by other work, where 
broiler chickens were better capable of regulating their nutrient intake with varying diet 
densities when provided pelleted rather than mash diets (Brickett et al., 2007). This suggests 
that in the current study, the lower diet densities may have caused suboptimal performance, 
because the physical feed intake capacity was limiting. 
Although feeding increased diet densities until 7 d of age was found to have significant 
effects on ADG, ADFI, and G:F, these effects did not persist during the remainder of the 
study (d 7 to 34) when a high density diet was followed by a low diet density diet (Table 2). 
Feeding increased diet densities until d 14 resulted in higher ADG and G:F from d 0 to 34 
when feeding a high (17.5% dietary fat) instead of low (3.5% dietary fat) density diet from 
d 0 to 14. Although it is known that broiler chickens are capable of physiological adaptation 
during the period that increased diet densities are provided (Scott, 2002; Wang et al., 2014; 
Wang et al., 2015; Li et al., 2016; Chapter 5), these physiological adaptations did not result 
in altered growth performance at a later age. This suggests that the induced physiological 
adaptions in early life, which were expected to occur in the current study, may have been 
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too small to cause long-term performance effects. Additionally, increasing the weight and 
length of the gastro-intestinal tract to increase the absorptive capacity, which may 
compensate for lacking hydrolyzing capacity, as seen in young broiler chickens as suggested 
in Chapter 5, may be less relevant for older broiler chickens that have a more mature 
intestinal tract with sufficient enzyme secretion. 
The limited carry-over effects of feeding increased diet densities until either d 7 or 14 for 
the remainder of the experimental period are also shown by the relative and absolute BW 
differences (Figure 1a and b). Broiler chickens returned to the growth curve of the chickens 
continually fed the 3.5% fat diet once their diet was switched from an increased density 
diet to the low density diet. Whereas the relative BW difference after switching from feeding 
increased diet densities reduced and approached that of the treatment that was continually 
fed a 3.5% dietary fat diet, the absolute BW differences generated at the moment of diets 
change, were maintained until the end of the study (Figure 1b). 
The increased G:F as a result of feeding increased diet densities is the logical consequence 
of feeding higher nutrient concentrations in the diet. This allows the broiler chicken to 
consume less or equal feed amounts, while maintaining or even increasing its nutrient 
intake levels. As such, the G:F provides only limited insight into the true efficiency of the 
broiler chicken, and we, therefore, suggest to rather consider ME efficiencies. 
ME ef f ic ienc y
In the current study, the calculated ME efficiencies are expressed as BW gain per MJ of ME 
consumed. The calculated efficiencies should be interpreted with care, as BW gain is actually 
the sum of protein and fat accretion, metabolic water, and gut fill. Thus, the calculated 
efficiencies do not represent energy retention. Furthermore, nutrient excretion in the feces 
was not determined, which would allow to correct for any energy inefficiencies. 
Nevertheless, the calculated energy efficiencies can be interpreted as alternative values for 
feed efficiency.
Calculated ME efficiencies were not affected by diet density from d 0 to 7 nor from d 14 
to 34. During the starter phase (d 7 to 14), continued feeding of a diet density (3.5% dietary 
fat) resulted in a lower ME efficiency compared to the other diet densities (≥ 8.2% dietary 
fat). A similar effect was found for the overall (d 0 to 34) period when feeding of increased 
diet densities was continued during the grower phase (d 14 to 34). In previous research, an 
increase in diet density also resulted in increased energy utilization (Jackson et al., 1982a; 
Saleh et al., 2004). The difference in ME efficiency response between diet densities within 
different age periods showed that the response for energy efficiency is age-dependent (Table 
4). Current results also suggest that continued feeding of increased diet densities resulted 
in higher efficiency, whereas this effect disappears when changing to a low diet density 
(3.5% dietary fat). However, a disadvantage of the calculated ME efficiencies in the current 
study is that no distinction is made between ME intake used for maintenance (MEm) or 
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growth (MEgrowth). This will impact the calculated ME efficiencies, as broiler chickens fed 
high density diets are expected to have more MEgrowth compared to maintenance. On the 
contrary, the chickens fed high diet densities are likely to have a higher BW, which results 
in a higher MEm. 
The MEgrowth to MEm ratio, daily MEgrowth, and ME efficiencies corrected for MEm are 
presented in Figure 2a-c. These calculations show that feeding increased diet densities 
resulted indeed in more energy available for growth, reflected by an increased MEgrowth to 
MEm ratio (Figure 2a). Furthermore, this ratio decreased after switching from high (≥ 8.2% 
dietary fat) density diets to a low (3.5% dietary fat) density diet, an effect that was more 
pronounced when broiler chickens were fed increased diet densities for a prolonged period 
of time (7 vs. 14 d). Broiler chickens that change from a high (≥ 8.2% dietary fat) to a low 
(3.5% dietary fat) density diet did not only have a lower overall ME intake after they changed 
diet density level (Table 3), but also their BW at the moment of change was relatively high 
compared to their new feed and energy intake level, thus spending relatively more of the 
total ME intake on maintenance than on growth. 
Based on the calculated ME efficiencies in Table 4, it was concluded that continued feeding 
of increased diet densities resulted in higher efficiency and that this effect disappeared 
when changing to a low diet density (3.5% dietary fat). However, when corrected for MEm, 
the ME efficiencies depend not only on age and diet density, but also on the duration the 
diet is provided. Changing from diets with either 12.8 or 17.5% dietary fat to a 3.5% dietary 
fat diet resulted in a higher ME efficiency corrected for MEm in the period directly after 
the change in diet density (Figure 2c). The latter may be explained through physiological 
adaptations towards increased diet densities that are expected to occur in young broiler 
chickens, such as repartitioning of visceral organ development to increase the size and 
length of the intestinal tract (Chapter 5).
Carcass  composit ion
In the current study, the empty BW and relative carcass yield at d 35 were not affected by 
different diet densities fed until either d 7 or 14, whereas the relative carcass weight 
increased as a result of continued feeding of increased diet densities (≥ 8.2% dietary fat) 
until d 34. It is generally accepted that higher BW results in higher relative carcass weights 
(Brake et al., 1993), thus explaining current treatment differences in cases of continued 
feeding of increased diet densities. Similar to carcass yield, breast meat yield at d 35 was 
also not affected when feeding increased diet densities until either d 7 or 14. This is 
contradictory to previous research, where an increased amino acid density in the diet of 
broiler chickens was associated with increased satellite cell proliferation and muscle 
development, thus resulting in increased breast meat yield at slaughter (Dozier et al., 2008). 
However, in contrast to our study, Dozier et al. did not increase energy density along with 
amino acid density. Continued feeding of increased diet densities from d 0 to 34 resulted 
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in a lower breast meat yield (>8.2% dietary fat). This is in contrast with Saleh et al. (2004), 
who found that relative breast meat yield and fat pad size remained rather constant when 
feeding increased diet densities, ranging from 3,023 to 3,383 AME kcal/kg, while 
maintaining a constant energy to protein ratio. Differences between studies might be caused 
by the limited increase in diet density as used by Saleh et al. (2004) compared to the current 
study. 
In the current study, the increased energy density was combined with an increased dietary 
amino acid density. Dietary fat that is ingested but not metabolized to yield energy to 
facilitate protein synthesis may be stored as body fat. As found by Jackson et al. (1982a), 
continued feeding of high density, thus high energy, diets resulted in an increased relative 
fat pad size at slaughter. Interestingly, in the current study, the relative fat pad size was lower 
for broiler chickens fed increased diet densities until d 14, which subsequently were switched 
to a low density diet. This effect may be explained by a physiological response of the chicken 
that is similar to temporary feed restriction, sometimes used to induce and study 
compensatory growth (Zubair and Leeson, 1996). Feed restriction at relatively young ages 
(between 2 and 3 wk of age) is hypothesized to impair proliferation of adipocytes, associated 
with a lower fat deposition at a later age (Zubair and Leeson, 1996). As discussed earlier, 
broiler chickens may have difficulties regulating their feed (and thus energy) intake, 
especially when fed low density mash diets (Brickett et al., 2007). Therefore, the switch 
from high density diets to a low density diet as in the current study may also be perceived 
as a kind of feed restriction, resulting in the suggested impairment of adipocyte proliferation. 
The lowered relative fat pad weight may also be indirectly linked to the previously discussed 
higher ME efficiency corrected for MEm, when switching from a high (12.8 or 17.5% dietary 
fat) to a low (3.5% dietary fat) density diet at 7 or 14 d of age (Figure 2c). The higher ME 
efficiency corrected for MEm is hypothesized to be the result of increased protein deposition, 
at the expense of fat deposition, in order for the broiler chicken to maintain its growth. 
Protein deposition is, in contrast to fat, accompanied with water deposition in a ratio of 3 
to 1 (Leenstra, 1986), hence the higher ME efficiency. Increased protein deposition results 
in lowered fat deposition, explaining the subsequent lowered relative fat pad weight at 
slaughter. 
In conclusion, feeding increased diet densities containing up to 17.5% dietary fat resulted 
in increased ADG and G:F but mainly for the duration these diets were provided. ME 
efficiency depended on both age and diet density level.
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CHAPTER 7
General Discussion
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INTRODUCTION
First week nutrition should support the broiler chicken during a very dynamic period in 
life. Various physiological developments occur in the first week of life, such as growth and 
maturation of the intestinal tract, development of the immune system, and development 
of the thermoregulatory system (Christensen, 2009). While these physiological 
developments have to be supported through nutrition, the effect of nutrition may depend 
on other factors, such as breed, breeder age, incubation conditions, housing hygiene, 
housing temperature, and moment of feed access after hatch (Figure 1). These factors may 
strongly affect physiological development of broiler chickens during the first week of life; 
therefore, the effect of nutrition on physiological development of the chicken may  also 
interact with these factors.
Limited research has been conducted to study these factors of influence in relation to 
nutrition during the first week of life, although some examples exist. For example, the effect 
of breeder age (Noy and Pinchasov, 1993; Vargas et al., 2009) and housing conditions (Simon 
et al., 2015) have been examined in relation to the moment of first feed intake and how this 
affects growth performance and immune status. Another example is the modeling of lysine 
requirements for slow vs. fast growing broiler chickens (breed effect) during the first week 
of life (Gous, 2010). Finally, Van den Brand et al. (2010) studied the effects of first week 
nutrition, focusing on individual dietary components (dextrose, albumen) and more 
complex pre-starter diets in relation to cold stress during the first days after hatch. 
The above examples demonstrate the interdependency of nutrition and other factors in 
relation to (physiological) development during the first week of life; therefore, these factors 
should not be ignored. This thesis focused in particular on 1) the moment of first feed 
intake after hatch and 2) feed composition during the first week of life.
1. Moment of first feed intake after hatch
A factor that has been studied more extensively, either by itself or in relation to other 
environmental conditions, is the moment of first feed access after hatch. Delayed access to 
feed during the first days after hatch impairs growth performance of the broiler chicken, 
e.g., by impaired development of the intestinal tract (Corless and Sell, 1999), despite that 
chickens have a residual yolk that supplies nutrients for initial survival and development 
after hatch (Gonzales et al., 2003). Despite the abundant availability of studies focusing on 
the effect of first feed access after hatch, there is large variation in the used experimental 
designs that may affect the results as well. This causes ambiguities about the exact duration 
of delayed feed access after hatch, ignoring potential interactions between the moment of 
first feed intake after hatch and the actual moment of hatch (Careghi et al., 2005; Van de 
Ven et al., 2011). In many studies that addressed the moment of feed access in relation to 
hatch moment, the hatch window was often longer than 30 h, thereby raising the question 
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whether similar effects would be observed in a short hatch-window. Furthermore, studies 
that tried to quantify the physiological and metabolic effects of hatch moment and feed 
access mainly focused on the first week after hatch. Consequently, potential carry-over 
effects of hatch moment and moment of feed access on organ growth or carcass composition 
at a later age are rarely considered. 
2. Feed composition during the first week of life
Effects of feed composition during the first week of life on physiological development of 
the broiler chicken have been examined before and covered specific ingredients, such as 
albumen and dextrose (Van den Brand et al., 2010), protein levels and sources (Noy and 
Sklan, 2002; Longo et al., 2007; Everaert et al., 2010; Wijtten et al., 2012), minerals (Maiorka 
1 
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physiological 
development 
Breed  
effects 
Breeder 
age effects 
Housing: 
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Housing: 
temperature 
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moment of 
feed access 
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Figure 1. Nutrition provided during the first week of life is intended to support the broiler chicken in its 
(physiological) development. However, other factors may also influence development of the chicken during this 
age period. Therefore, the supportive role of nutrition on development during the first week of life may interact 
with these factors too. 
CHAPTER 7142  |
et al., 2004; Garcia et al., 2006), cellulose (Noy and Sklan, 2002), and macro nutrient ratios 
(Swennen et al., 2009). Although some studies have looked into the inclusion of increased 
dietary fat levels in the diet (Noy and Sklan, 2002; Van den Brand et al., 2010), in general 
the inclusion of high levels of fats and oils in a pre-starter diet is considered undesirable 
due to their assumed low digestibility in young broiler chickens compared to starch (Batal 
and Parsons, 2002b). Consequently, over recent years, limited research has been conducted 
related to the role of dietary fats and oils in diets for broiler chickens during the first week 
of life.
The aim of this thesis was to determine the effects of the moment of first feed intake after 
hatch and the effect of feed composition (with special attention to dietary fat inclusion) 
during the first week of life on short-term physiological development as well as long-term 
effects on growth, organ development, metabolic status and carcass composition. 
The objective of this discussion is to combine data from different chapters and literature 
and to discuss the obtained results on feed access after hatch in relation to the experimental 
setup chosen to study these effects, as well as underlying physiological mechanisms for the 
effects observed. Next, the role of fats and oils in high density pre-starter diets will be 
discussed, reflecting on the underlying physiological mechanisms for the effects observed 
(pre vs. post-absorption) and diet physical form. Finally, the potential implications of the 
current results for practice will be discussed. 
FEED ACCESS AFTER HATCH
Experimental  designs  to  examine ef fects  of  feed access  after  hatch
A relatively short (Chapter 2) as well as long (Chapter 3) delay in feed access after hatch 
resulted in lowered growth and altered development, partially compensated for at a later 
age. In Chapter 2, with a delayed feed access of 13 to 26 h, the difference in BW gain after 
hatch compared to immediate fed chickens only lasted until 7 d of age, whereas in Chapter 
3, with a delayed feed access of 48 h, the difference in BW gain lasted up to 25 d of age. The 
long-term consequences of delayed feed access on BW gain should be carefully considered 
in relation to the methodology used to induce delayed feed access. 
In Chapter 2, early, midterm, and late hatched chickens were pulled from the incubator at 
different time intervals (475 to 481, 483 to 487 or 489 to 493 h after onset of incubation) 
and either directly or delayed fed (26, 19, and 13h after pulling, depending on hatch 
moment). The moment of feed access coincided with the regular first feed intake in practice 
(21.5 d after the onset of incubation). 
In Chapter 3, chickens were pulled from the incubator all at once and only after all chickens 
had hatched (normal pulling moment), not differentiating for the moment of hatch. From 
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the moment of placement in the grow-out facility onwards, half of the chickens received 
delayed feed access for 48 h. In both experimental designs, broiler chickens received variable 
durations of delayed feed access. In Chapter 2, the variation in duration was caused by variable 
hatch time between treatments, whereas in Chapter 3, the variation was within treatments as 
we could not distinguish when chickens had hatched. Furthermore, in Chapter 3, the 48 h 
delayed feed access was on top of the time spent within the incubator, plus processing time 
within the hatchery and transportation time from the hatchery to the grow-out facility. 
In general, three types of experimental designs can be distinguished when conducting 
research on effects of direct vs. delayed feed access after hatch (Figure 7.2). Careghi et al. 
(2005) and Willemsen et al. (2010) already emphasized the importance of distinguishing 
between the biological and chronological age of broiler chickens. According to this principle, 
the chronological age is defined as a fixed moment in time and is the same for one batch of 
chickens, whereas the biological age is different for early, midterm, and late hatched chickens 
(Figure 2). Based on the chronological age, delayed feed access can be applied, e.g., from the 
arrival in the grow-out unit onward for a fixed time period (Design I; Chapter 3), thereby 
ignoring variation in hatching time (biological age). Based on the biological age, delayed 
feed access can be applied from the moment of hatch onward until pulling or placement in 
a grow-out facility, resulting in differences in delay of feed access depending on the moment 
of hatch (Design II; Chapter 2). Lastly, delayed feed access can be applied from the moment 
of hatch onward for a fixed time duration (Design III). The appropriate selection of Design 
I, II, or III depends on the research question to be answered.
Figure 2. Experimental designs that are in general applied related to research concerning moment of first feed 
access: (I) fixed duration from pulling or placement in a grow-out facility onwards, (II) variable duration until 
pulling or placement in grow-out unit, or (III) fixed duration from hatch onward (modified from Willemsen et 
al., 2010). 
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Design I is suitable to create a larger contrast between treatments and to ‘model’ the effect 
of feed access on subsequent growth or health status (Chapter 3). However, a drawback of 
this design is that the potential differences in biological age between chickens due to their 
spread of hatch are ignored. 
Design II accounts for differences in biological age (Chapter 2), while the contrasts of direct 
or delayed feed access are applied between hatch and pulling or placement in a grow-out 
unit. This results in varying delayed feed access durations based on biological age. Therefore, 
this design may inevitably result in confounding effects between the moment of hatch and 
feed access. Related to this, in Chapter 2, it was also found that especially early hatched 
chickens benefit from direct feed access compared to midterm and late hatched chickens, 
which was likely due to the longer exposure time to feed. 
Design III accounts for differences in biological age, but delayed feed access is applied from 
the moment of hatch onward for a fixed duration (e.g., 48 h) for all chickens hatched at 
different moments. Compared to the other designs, Design III is considered the most 
elegant if one truly wants to study the effects of delayed feed access on physiological 
development of early, midterm, or late hatched chickens within the hatch window. 
Although all three types of experimental designs are applied in the literature (Table 1), 
studies often remain inconclusive or unclear about the exact used design. 
Unclear aspects about the experimental design used often arise from the wording used in 
the Materials and Methods section of papers that is either inconclusive or not specific. For 
example, whereas in Designs II and III the moment of hatch is defined as the moment of 
hatch within the hatch-window (having monitored the spread of hatch), in some studies 
the moment of hatch is referred to as the moment of pulling from the incubator (Gonzales 
et al., 2003). Also, terminology is inconsistent between studies. An example of this is the 
use of wording like “day old chickens”, “newly hatched chickens”, or “freshly hatched chickens”, 
or chickens that were placed “immediately after hatch”, therewith probably all meaning to 
say “chickens at pulling”. However, it remains unclear when these chickens were pulled from 
the incubator and how old they are from a biological or chronological age perspective. 
Table 1. Examples of studies with different experimental designs that can be applied related to moment of 
feed access: (I) fixed duration from pulling or placement in a grow-out facility onwards, (II) variable 
duration until pulling or placement in grow-out unit, or (III) fixed duration from hatch onward.
Design Reference
I Moran, 1990; Corless and Sell, 1999; Batal and Parsons, 2002a; Gonzales et al., 2003; Franco et al., 
2006; Halevy et al., 2000; Maiorka et al., 2003; Biloni et al., 2013; Chapter 3
II Noy et al., 2001; Careghi et al., 2005; Van de Ven et al., 2011; Van de Ven et al., 2013; Chapter 2
III Bigot et al., 2003; Careghi et al., 2005; Debonne et al., 2010; Geyra et al., 2002; Juul-Madsen et al., 
2004; Simon et al., 2014; Simon et al., 2015; Wang et al., 2014
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Improved reporting and the use of more standardized terminology will make it easier to 
compare different studies in the same research area, and it will improve the overall quality 
of the research that is being conducted.
The effect of delayed feed access after hatch may also be confounded with other factors, 
such as housing and climate conditions. In some studies, chickens with delayed feed access 
up to 48 h remained in shipping boxes until they received feed access (Moran, 1990; Corless 
and Sell, 1999; Design I). These kinds of experimental designs make it impossible to 
conclude whether differences in, e.g., body weight losses, are either caused by climate 
conditions after hatch, as it is known that a lowered environmental temperature during the 
first days after hatch results in a lowered feed intake (van der Pol et al., 2013), or the effect 
of delayed feed access after hatch. Other examples of factors that may potentially be 
confounded with the effects of delayed feed access after hatch (and that are often not 
reported) include breeder age, incubation conditions, spread of hatch (hatch window), and 
time between pulling and arrival in the grow-out facility. 
It can be concluded that the chosen approach with respect to the effect of direct or delayed 
feed access after hatch is dependent on the research question to be answered. More 
importantly, future efforts should be put towards agreeing on standardized terminology 
related to this kind of research describing the experimental design and methodology. Lastly, 
care should be taken on how the results are interpreted based on the different designs 
available. 
Physiologica l  consequences  of  delayed feed access  after  hatch
Intestinal development 
Especially during the first days after hatch, delayed access to feed impairs intestinal 
development, potentially affecting the chicken's development (see Chapter 1, General 
Introduction). In Chapter 2, delayed feed access after hatch resulted in a reduced weight to 
length ratio of the jejunum and ileum at 4 d of age, and for the jejunum this effect remained 
until 18 d of age. The altered weight to length ratio may be associated with altered villi 
development, but this was not confirmed by histological analysis. On the contrary, delayed 
feed access resulted in wider villi at 4 d of age. The delay in feed access in Chapter 2 (13 to 
26 h) is relatively short compared to previous studies with delayed feed access for 12 to 48 
h that show more profound effects on impaired villi development due to delayed feed access 
(Noy et al., 2001; Franco et al., 2006; Design II and I). However, it could be that a short 
duration of delayed feed access, as applied in Chapter 2, might affect intestinal development 
differently and consequently might have an effect on digestibility and absorption of nutrients. 
It is known that the duodenum facilitates most of the hydrolyzation of the ingested feed, 
whereas the jejunum facilitates most of the nutrient absorption. Based on the results in 
Chapter 2, an increased villi width in the duodenum in delayed fed chickens may be an 
adaptive reaction of the intestinal tract that tries to increase its hydrolyzation capacity, trying 
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to anticipate future changes in substrate availability, whereas the jejunum and ileum develop 
less as there is no stimulus (yet) to increase the absorptive capacity. The phenomenon of 
villi growth that is stimulated by the availability of nutrients is supported by Moran (1985) 
and Bohórquez et al. (2011), who suggested that during incubation, it is the amniotic fluid 
that stimulates villi development, whereas from hatch onwards its exogenous feed. 
Limited research has focused on effects of delayed feed access on the digestive capacity of 
broiler chickens. However, Batal and Parsons (2002a) have shown that delayed feed access 
for 48h after placement in a grow-out facility (Design I) resulted in impaired amino acid 
digestion up to 7 d of age (Table 2).
If the digestive capacity of broiler chickens is truly impaired due to delayed feed access after 
hatch, this could be anticipated by providing dietary ingredients that are more easily digestible 
at this age. This can be done by, e.g., providing high quality soy products, such as soy protein 
concentrate or soy protein isolate (Batal and Parsons, 2003). Chapter 3 indicates that intestinal 
development may also be supported through provision of a fat source that is relatively easy 
to digest and absorb, such as medium chain fatty acids (MCFA). Regardless of the moment 
of feed access, the addition of 3% MCFA in the diet during the first week of life resulted in 
higher BW gain and feed efficiency. However, there was also a tendency for an interaction 
where especially chickens with delayed feed access (48 h after placement) appeared to benefit 
from feeding an MCFA blend. The exact underlying mechanism that causes this potential 
benefit for delayed hatched chickens remains unclear. It may be hypothesized that MCFA 
affect tight junction permeability of mucosal tissue (Lindmark et al., 1998) or function as an 
easily accessible energy source due to their high digestibility (Noy and Sklan, 1995).
In conclusion, it appears that short durations of delayed feed access (as applied in Chapter 
2) impact intestinal development of young broiler chickens. MCFA can be added to the 
diet to increase growth performance during the first week of life, especially when fed to 
broiler chickens with delayed feed access. 
Table 2. Summarized amino acid digestibility coefficients for direct or delayed (48 h; Design I) feed access, 
derived from Batal and Parsons (2002a).
Digestibility Coefficient
Age, d
1-2 4 7 14 21
Average for all AA1 0.78 0.77 0.82 0.86 0.88
Average for all AA, 48 h fasting 0.76 0.75 0.79 0.86 0.90
1Arginine, cysteine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, valine.
GENERAL DISCUSSION |  147
7
Infobox 1.  Moment  of  hatch:  more than just  a  t iming dif ference
In Chapter 2, breast meat yield of broiler chickens at d 18 was higher for early hatched 
chickens compared with midterm and late hatched chickens (Figure 3). Thus far, 
differences in carcass development, such as breast meat yield were mainly linked with 
the effect of feed access in relation to satellite cell proliferation at a young age (Halevy 
et al., 2000). However, it appears that the moment of hatch is also important.
Various studies have looked into the underlying physiological differences between 
early, midterm, and late hatched chickens within the hatch-window, by determining 
blood metabolites, such as glucose, lactate, uric acid, as well as thyroid hormones 
triiodothyronine (T3) and thyroxine (T4) (Van de Ven et al., 2011; Van de Ven et 
al., 2013; Wang et al., 2014b). None of these studies looked into potential effects 
on breast meat yield, except for Wang et al. (2014), who found no effect of hatch 
moment nor feed access on the proportional breast muscle weight at biological 
age d 2 and 5. 
 However, Powell et al. (2016a,b) recently showed an effect of moment of hatch on 
breast meat yield and intramuscular adipose tissue formation at a later age. Early 
and midterm hatched chickens had a higher relative breast weight compared to late 
hatched chickens, regardless of having feed access. 
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Figure 3. Breast meat yield at 18 d of age of broiler chickens hatched early (475 to 481h), 
midterm (483 to 487h), or late (489 to 493h after the onset of incubation) within the hatch-
window (Chapter 2).
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Immune status 
In contrast to growth performance and intestinal development, relatively little attention is 
given to effects of the moment of feed access after hatch and feed composition during the 
first week of life in relationship to immune status. In Chapter 3, it was examined whether 
a delayed feed access (48 h; Design I) and the addition of fats to the diet provided during 
the first week of life would alter the innate and specific humoral immune response of 
chickens from 0 to 28 d of age. Fish oil, expected to reduce the inflammatory response 
(Korver and Klasing, 1996), and MCFA, expected to induce an inflammatory response (Lee 
et al., 2001), were compared to a control diet containing only soybean oil. At different ages 
(2, 7, 14, 21, 25 and 28 d of age), blood serum was analyzed for Nab IgM and IgY titers 
against Keyhole Limpet Hemocyanin (KLH), interferon gamma (IFN- γ), and both the 
classic and alternative complement activity (not at 2 d of age). Total serum antibody titers 
against sheep red blood cells (SRCB) were only analyzed from immunization at 21 d of age 
onwards. Neither feed access nor inclusion of different fats affected any of the immune 
parameters measured from 2 to 21 d of age. Only during the immunization period (d 21 
to 28), chickens with direct feed access showed higher IFN-γ levels compared to chickens 
with delayed feed. It was hypothesized that delayed colonization of the cecum and colon 
by T cells as a result of delayed feed access, resulted in a lower production of IFN-γ in the 
gastro-intestinal tract of direct fed chickens at a later age. Based on the results of Chapter 
3, the inclusion of fish oil and MCFA at the selected inclusion levels had limited effect on 
the innate and acquired immune response. However, delayed feed access did have some 
effects on the immune response, an effect that is also found in the literature.
For example, Bar-Shira et al. (2005) found that the gut associated lymphoid tissue (GALT) 
activity of broiler chickens with delayed feed access for 72 h (after placement; Design I) 
was lower in the hindgut up to 14 d of age as a result of rectal immunization with 
hemocyanin (Hem), whereas GALT activity in the small intestine was not affected after 
Infobox 1.  Continued
Powell et al. (2016a) hypothesized that satellite cell proliferation is impaired through 
reduced T3 levels in late compared to early hatched chickens, having a critical role 
in myoblast cell differentiation.
Powell's hypothesis is in line with observed differences in T3 and T4 expression 
between early, midterm, and late hatched chickens in previous work (Van de Ven 
et al., 2011) and requires further validation. 
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immunization using bovine serum albumin (BSA). Additionally, delayed feeding resulted 
in a lowered T lymphocyte distribution in the colon up to 8 d of age and reduced colonization 
of T and B lymphocytes in the bursa up to 14 d of age. Although it can be questioned 
whether a 72 h delay in feed access is too long and therefore does not represent current 
practices in broiler farming, less severe lengths of delayed feed access also affected immune 
status. Simon et al. (2015) demonstrated that chickens with delayed feed access from hatch 
onwards (72 h; Design III) had increased antibody titers after immunization with human 
serum albumin (HuSA) at 28 d of age compared to direct fed chickens. This suggests that 
delayed fed chickens may potentially be more susceptible to disease pressure at a later age. 
Juul-Madsen et al. (2004) demonstrated that delayed feeding for 24 or 48 h after hatch 
(Design III) resulted in higher expression of MHC-II molecules (involved in the presentation 
of antigens) on the surface of lymphocytes up to 42 d of age compared to direct fed chickens. 
Furthermore, direct feeding resulted in an increased number of cytotoxic T cells (CD8+) 
versus T helper cells (CD4+) compared to delayed fed chickens (24 and 48 h). Lastly, and 
in agreement with Chapter 3, shorter periods of delayed feed access neither affected the 
levels of infectious bursal disease virus (IBDV) antibodies nor IgM and IgY antibodies in 
the blood, which represented the innate humoral immune system (Juul-Madsen et al., 
2004). 
To date, the majority of studies that have assessed the immune response of broiler chickens 
towards delayed and direct feed access after hatch have used model antigens' such as E. coli 
lipopolysaccharides, HuSA, SRBC, IBDV, Hem, BSA, and KLH. Although these studies 
demonstrated that the immune system response is different for broiler chickens with 
delayed or direct feed access after hatch, no definite conclusions can be drawn if the 
observed responses are actually positive or negative for the general health status of the 
chicken. To date, no studies have assessed the effects of feed access after hatch and feed 
composition using disease models, such as necrotic enteritis or an E. coli infection. The 
use of disease models may enable us to get better insight if alterations in the immune 
response due to treatment effects are advantageous or disadvantageous for the chicken.
In conclusion, delayed feed access after hatch results in an altered immune response 
compared to chickens with direct feed access after hatch. However, for future research it is 
strongly advised to use disease models, rather than model antigens, to study the effects of 
moment of feed access after hatch and feed composition in relation to health status of the 
broiler chicken. 
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E xtend e d d el ays  in  fe e d  access :  how l ong  b efore  g row th c ap acity  i s 
impaired?
The effects of delayed feed access after hatch on growth and development of broiler chickens 
are often reported and discussed compared to a control treatment, in which chickens had 
received direct feed access. Delayed feed access is often reported to result in lower growth 
and less development of, e.g., the intestinal tract compared to chickens with direct feed 
access. Although this conclusion is basically correct, it may also be considered inconclusive. 
It can be hypothesized that delayed feed access only results in a later onset of growth and 
that these chickens follow a similar growth and development curve compared to direct fed 
chickens. So, delayed feed intake may delay the onset of growth, but the capacity for growth 
may not be impaired. However, this may also be dependent on the duration of delayed feed 
intake. 
Generally, the effect of delayed feed access is strongest during the first week of life, and only 
small delays in feed access after hatch have a significant impact on BW gain. In Chapter 2 
(Design III), delayed feed access for 13-16 h resulted in a lowered BW gain until 7 d of age, 
but this effect disappeared thereafter. Delayed feed access for 24 h (Design III) was only 
found to result in lowered BW gain until 5 d of age when compared to direct feed access, 
but not thereafter (Juul-Madsen et al., 2004). In the same study, delayed feed access for 48 
h resulted in lowered BW gain until 42 d of age compared to direct feed access, whereas 
the difference in BW gain due to a delay of 24 h remained only until 28 d of age. Careghi 
et al. (2005) already reported that a 48 h period of delayed feed access (Design III) resulted 
in lower absolute and relative growth at d 7 compared to direct fed chickens, but 
unfortunately these broiler chickens were not followed to a later age. In Chapter 3, it was 
shown that delayed feed intake (48 h; Design I) resulted in a lowered BW gain of broiler 
chickens up to 28 d of age, compared to those that received direct feed access. 
The above results suggest that the age until such differences in BW gain between direct and 
delayed fed chickens remain, is highly correlated with the duration of delayed feed access 
after hatch. A longer delay in feed access results in a prolonged difference in BW between 
direct and delayed fed broiler chickens. The question that remains is whether the growth 
capacity of these delayed fed chickens is impaired or just delayed. If the growth capacity is 
not impaired, the growth curve for delayed and direct fed chickens should be similar. 
Although the inability for full compensatory growth till 28 d of age (Chapter 3) or 42 d of 
age (Juul-Madsen et al., 2004) may suggest a more permanent inhibitory effect on growth 
competence of the chicken, extrapolation of BW data obtained in Chapter 3 suggests 
otherwise. A polynomial curve was fitted to the growth data of direct fed chickens (Figure 
4) and used to extrapolate growth data for delayed fed chickens up to 30 days of age. 
Compensating for the initial 48 h delay in feed and water access, the predicted BW at 30 
days of delayed fed chickens matches the BW of direct fed chickens after hatch at 28 days 
(1761 vs. 1751 g; Figure 4). As such, the growth curve for direct and 48 h delayed fed 
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chickens is almost identical. It can be concluded that delayed feed access for 48 h does not 
impair the chickens’ growth competence but only delays onset of growth. The latter is 
supported by earlier work, where delayed feeding ranging from 15 to 49 h decreased BW 
at slaughter age but disappeared when chickens were provided the additional time for feed 
intake that was previously lost due to the delayed feed and water access after hatch (Van de 
Ven, 2012). 
Based on the conclusion that delayed feed access for 48 h after placement only results in a 
delayed onset for growth, it is of interest to examine if delayed feed access also results in a 
delayed onset of (digestive) organ development. A study where weights of the jejunum were 
compared after 2 d of feeding (4 days old delayed fed chickens vs. 2 days old direct fed 
chickens; Design III) showed that the relative intestinal weights were similar (Bigot et al., 
2003), suggesting a similar delay in intestinal development as suggested for growth. 
However, a less consistent response was found when comparing villi development at 7, 21, 
and 42 d of age in the duodenum and jejunum when comparing direct with delayed feed 
access for 12, 24, 34, and 48 h, respectively (Design I; Franco et al., 2006). 
Lastly, although it may be concluded that growth capacity is not impaired by delayed feed 
access up to 48 h, the effect of delayed feed access on health status of the broiler chicken 
should also be considered (see Feed access after hatch, Immune status).
Figure 4 Body weight development from 0 to 28 d of broiler chickens based on moment of feed and water access. 
Direct vs. delayed (48 h; Design I) fed chickens; data obtained from Chapter 3. Asterisks indicate a significant 
difference for direct vs. delayed fed chickens for that age (P ≤ 0.05). A polynomial curve was fitted to the growth 
data of direct fed chickens and used to extrapolate growth data for delayed fed chickens up to 30 days. The 
predicted BW at 30 d of delayed fed chickens is 1751 g, whereas BW d 28 of early fed chickens was 1761 g.
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In conclusion, a prolonged delay in feed access after hatch results in a lowered growth rate, 
compared to chickens with direct feed access. Depending on the duration of delayed feed 
access after hatch, differences in BW between direct and delayed fed chickens persist up to 
4-6 weeks of age. A delayed feed intake up to 48 h does not result in impaired growth 
capacity but rather a delayed onset of growth. However, more work is required to validate 
whether the growth capacity of these chickens is truly affected and to examine whether 
similar growth observations can be made for individual organ development. 
C onclusions  Feed access  after  hatch
The effect of nutrition was discussed in relation to the moment of first feed intake after 
hatch. Data from Chapters 2 and 3 were combined with literature and discussed in relation 
to the experimental setup chosen to study these effects, as well as underlying physiological 
mechanisms for the effects observed. 
The following can be concluded:
• Efforts should be made to standardized terminology related to research around the first 
week of life. 
• Short durations of delayed feed access impact intestinal development of young broiler 
chickens. 
• MCFA can be added to the diet to increase growth performance during the first week of 
life, especially when fed to broiler chickens with delayed feed access. 
• Dietary composition, by means of fish oil and MCFA inclusion in the diet during the 
first week of life, have limited effect on the innate and acquired immune response. 
• The effects of delayed feed access on health remain unclear. It is recommended to select 
relevant disease models when studying the effects of first week nutrition on the health 
status of broiler chickens. 
• A delay in feed access up to 48 h does not affect the growth capacity of chickens, reflected 
by a growth curve that is identical to direct fed chickens. 
• More work is required to examine if delayed feed access also results in a delayed onset 
of (digestive) organ development.
DIET DENSITY 
In Chapters 4 and 5, effects of diet density during the first week of life on growth 
performance, organ development, nutrient digestion, and metabolism were examined. 
Broiler chickens appeared to adapt themselves towards increased diet densities by increasing 
their intestinal weight and length, while lowering liver and pancreas size to cope with 
reduced feed intake, but increased nutrient concentration (Chapter 5). Intestinal length 
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(duodenum, jejunum, ileum, and cecum) increased, coinciding with a higher duodenum 
weight and a higher weight to length ratio for the ileum and cecum when feeding increased 
diet densities (Chapter 5). Furthermore, although the gross (GE) and metabolizable energy 
(ME) intake was not affected, the ME to GE ratio decreased with increased diet densities 
(Chapter 4). Moreover, heat production and the respiratory exchange ratio decreased as a 
result of increased diet density, whereas protein and fat retention were not affected by diet 
density, despite a shift in dietary energy supply from carbohydrates to fat (Chapter 4). 
Based on the combined results of Chapters 4 and 5, high density diets, containing increased 
dietary fat levels at the expense of carbohydrates, did not limit metabolism of broiler 
chickens during the first week of life. Adaptation by broiler chickens towards these diets 
can be discussed by differentiating in pre- and post-absorptive nutrient utilization, an 
approach used by De Lange et al. (2013) as well, to better understand and model nutrient 
utilization in farm animals. 
Pre-  and post-absor ptive  nutrient  ut i l izat ion
Fat oxidation during incubation vs. fat digestion post-hatch 
The low fat digestibility during the first week after hatch (see Chapter 1, General 
Introduction) appears to contradict the metabolic status of the broiler chicken during 
embryonic development. During embryonic development, the chicken embryo primarily 
relies on fat oxidation as an energy source for growth and development (De Oliveira et al., 
2008). The chick embryo appears to be already capable of breaking down lipids into glycerol 
and free fatty acids, using lipoproteins (Sunny, 2007), a group of proteins involved in 
transportation of hydrophobic lipids. The process of lipid uptake through the yolk sac 
membrane during late incubation is significantly different compared to digestive and 
absorptive processes in the intestine at a later age (Speake et al., 1998). However, it can be 
hypothesized that broiler chickens are capable of metabolizing fat during the first week of 
life once absorbed by the intestine, as they are also capable of doing so during embryonic 
development. 
Pre-absorption adaptation: hydrolyzation vs. absorption 
Digestibility is the sum of hydrolyzation and absorptive processes, resulting in a net uptake 
of nutrients. As discussed in Chapter 1, the General Introduction, hydrolyzation of nutrients 
depends on enzyme and bile salt secretion. Enzyme secretion in the duodenum (amylase, 
trypsin and lipase) increases significantly as the chicken ages (Noy and Sklan, 1995), 
supported by age-dependent activity of amylase, trypsin, lipase, and maltase in the pancreas 
(Sell et al., 1991). The age-dependent enzyme activity suggests that in particular the 
hydrolyzation capacity is limiting in young broiler chickens.
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In Chapter 5, nitrogen metabolizability and fat digestibility were not affected by diet density. 
To explain these results, it is hypothesized that broiler chickens during the first week of life 
either 1) have low but still sufficient enzyme secretion (hydrolyzation capacity) for fat and 
nitrogen digestion or 2) have adapted their digestive system for increased diet densities 
using another strategy. Although based on the results of this thesis no inferences can be 
made about the hydrolyzation capacity, the results suggest that broiler chickens repartition 
visceral organ development in response to being fed more concentrated diets, at least during 
the first week of life. Broiler chickens experience increased intestinal size (length and 
weight) in response to more concentrated diets, which is likely to increase the absorptive 
capacity of the intestinal tract (Chapter 5). 
Larger intestines facilitate an increased villi surface area for absorption of nutrients, as 
nutrients are absorbed either actively (protein, carbohydrates) or passively (fats and oils) 
by transport via the enterocytes located in these villi (Denbow, 2015). Furthermore, an 
extended intestinal tract may affect the transit time of digesta through the gut, allowing 
the intestine more time to absorb nutrients. Lastly, the uptake of nutrients in the intestinal 
tract may also be enlarged by increasing the absorptive capacity per defined surface area. 
In broiler chickens, feeding an increased diet density (+200 kcal ME/kg) from 21 to 42 d 
of age was found to upregulate various genes involved in phosphate transport in the 
duodenum at 42 d of age (Li et al., 2016). However, additional research is required to 
validate similar effects of feeding more concentrated diets on protein and carbohydrate 
related transporters in broiler chickens. 
Post-absorption adaptation 
It was already hypothesized that broiler chickens are very well capable of metabolizing more 
concentrated diets with high fat inclusion levels during the first week of life once absorbed 
by the intestine, as they are also capable of doing so during embryonic development. This 
hypothesis is confirmed by the results of Chapter 4, where feeding increased diet densities 
did not affect protein and fat retention, despite a shift in dietary energy supply from 
carbohydrates to fat. In Chapter 5, it was found that feeding of increased diet densities 
resulted in a lowered relative liver size that might be explained by changes in post-absorptive 
metabolism. 
Protein and fat retention in young broilers was not affected by feeding increased diet 
densities, which can be explained by the maintained energy to amino acid ratio as diet 
density increased. Young (<14 d of age) broiler chickens have a high capacity for protein 
deposition, higher than older broiler chickens (Marcato et al., 2008). Feeding increased 
diet densities, where an increase in dietary fat (energy) level is parallelled by an increase 
in amino acids, fulfills not only the high demand for protein deposition, it also provides 
the necessary energy to facilitate this process. It is also hypothesized that as long as the 
maximum capacity for protein deposition is not reached yet, the dietary energy is primarly 
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used as an energy source and not stored as body fat reserves. This is confirmed in Chapter 
6, where feeding increased diet densities until slaughter (35 d of age) resulted in a very 
limited increase in relative fat pad weight. Especially in young broiler chickens, it may be 
the energy supply to support this protein accretion that is limiting rather than that a 
maximum protein accretion is reached. Finally, as hypothesized in Chapter 5, the reduced 
liver size as a result of feeding high density diets may be explained by a reduced availability 
of glucose for storage of glycogen in the liver due to the high energy demand for growth 
and protein accretion; whereas the kidneys facilitate the process of gluconeogenesis for 
endogenous glucose.
In conclusion, broiler chickens repartition visceral organ development in response to being 
fed more concentrated diets during the first week of life, probably to increase the absorptive 
capacity of the intestinal tract. Feeding more concentrated diets to broiler chickens facilitates 
the high demand for protein deposition and does not result in chickens with increased fat 
deposition, as long as the increase in dietary fat (energy) level is parallelled by an increase 
in amino acids and the maximum protein deposition rate is not reached. 
L ong-term ef fects  of  feeding increased diet  densit ies  at  young ages
Even though it was shown in Chapters 4 and 5 that broiler chickens are capable of 
metabolizing high diet densities during the first week of life, it remained unknown to what 
extent adaptations towards these diets at this age (repartitioning of visceral organ 
development, see Pre- and post-absorptive nutrient utilization), would affect performance 
at a later age when either continuing to feed increased diet densities or switching from high 
density diets to a low density diet. 
Depending on the duration that high density diets were provided (until 7 or 14 d of age), 
broiler chickens that switched from a high to a low density diet showed reduced BW 
compared to broilers that were fed the high density diets till the end of the grower phase 
(Chapter 6; Figure 1a). Although absolute BW differences remained after switching to a 
low density diet, the relative growth decreased compared to chickens fed a low density diet 
during the entire grow-out period. Based on the observed effects on BW and taking the 
diet physical form into account (see Diet density, Diet physical form), it appears logic that 
the physical feed intake capacity is limiting to allow broiler chickens to compensate for the 
lower nutrient levels in the low density diets. 
In Chapter 6, it was suggested that based on the observed effects in growth performance, 
the induced physiological adaptations in early life with increased diet density, as observed 
in Chapter 5, were too small to result in altered growth performance at a later age. Also, 
these adaptations are also probably less relevant for older broiler chickens that have a more 
matured intestinal tract with sufficient hydrolyzation capacity. Additionally, based on the 
calculated ME efficiencies in Chapter 6, without differentiating for maintenance and growth 
requirements, limited carry-over effects were observed when switching from a high to a 
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low density diet. However, when calculating the amount of ME available for growth 
(MEgrowth) by correcting the total ME intake for the maintenance requirement (MEm), it was 
shown that switching from a high to low density diet resulted in a lowered MEgrowth to MEm 
ratio, indicating that the MEm requirement relatively increased at the expense of ME 
available for growth. Also, it was shown that the ME efficiency, corrected for MEm, did not 
only depend on age and diet density, but also depended on the duration these increased 
diet densities were provided. The latter is also illustrated in Figure 5, where changing from 
either a 12.8 or 17.5% dietary fat diet to a 3.5% dietary fat diet at 14 d of age resulted in the 
highest BW gain per MJ MEgrowth for the overall experimental period (d 0 to 34) compared 
to changing on either 7 d of age or when continuing feeding of increased diet densities until 
34 d of age. 
Data in this thesis suggests that feeding of increased diet densities (≥12.8% dietary fat) until 
especially 14 d of age did result in higher ME efficiency corrected for MEm. This may be 
explained by physiological adaptations towards increased diet densities when fed during 
early life as observed in Chapter 5. In addition, other physiological adaptations as described 
in literature, such as altered intestinal development (size, morphology), nutrient absorptive 
capacity (intestinal nutrient transporters), and other metabolic constituents (Scott, 2002; 
Wang et al., 2014a; Wang et al., 2015; Li et al., 2016) may occur.
Figure 5. ME efficiency for growth, expressed as grams of BW gain expressed per MJ of ME available for growth 
(MEgrowth) from 0 to 34 d of age and when feeding different diet densities. Feeding phases: pre-starter (d 0 to 7, 
PS), starter (d 7 to 14, S), and grower (d 14 to 34, G) phase. Based on data from Chapter 6. 
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The improved ME efficiency corrected for MEm may also be explained by increased protein 
over fat deposition, as also discussed in Chapter 6. In short, the easiest way for the broiler 
chicken to maintain its growth despite a reduction in total energy intake is through protein 
deposition. Based on deposition efficiencies for protein (kp) and fat (kf) of 0.66 and 0.86 
(Boekholt et al., 1994) and energy values of 23.6 and 38.2 kJ/g for protein and fat (Larbier 
and Leclercq, 1994), it can be calculated that 35.8 kJ (1/0.66*23.6) are required to deposit 
1g of protein, whereas 44.4 kJ (1/0.86*38.2) are required to deposit 1g of fat, respectively. 
Although it may appear to be more efficient to deposit fat rather than protein (relatively 
lower costs for deposition compared to protein), protein deposition is, in contrast to fat, 
accompanied with water deposition in a ratio of 3 to 1 (Leenstra, 1986). Thus, to maintain 
growth, it is more efficient to deposit protein. Higher protein deposition likely occurs at 
the expense of fat deposition, explaining the subsequent lowered relative fat pad weight at 
slaughter for broiler chickens fed increased diet densities up to 14 d of age.
In conclusion, long-term effects of feeding high density diets up to two weeks of age are 
limited with respect to growth performance. However, there appears to be a more prolonged 
effect of feeding increased diet densities on ME efficiency corrected for MEm, which 
increased when feeding increased diet densities (≥ 12.8% dietary fat) until 14 d of age. 
Diet  physica l  form
In Chapters 4, 5, and 6, the effect of feed composition (with special attention to dietary fat 
inclusion) during the first week of life was studied with respect to short and long-term effects 
on growth, organ development, metabolic status, and carcass composition. In Chapters 4 
and 5, feeding increased diet densities to broiler chickens during the first week of life resulted 
in lowered BW gain and feed intake, whereas feeding similar diet densities in Chapter 6 
resulted in higher BW gain and maintained or even higher feed intake during this age period. 
In addition, in Chapters 4 and 5, the ME intake was maintained irrespectively of diet density, 
whereas in Chapter 6, the feeding of increased diet densities resulted in an increased ME 
intake, regardless of age. 
Differences in growth performance, as well as ME intake may be explained by diet physical 
form. In Chapters 4 and 5 the diets were pelleted, whereas a mash diet was provided in 
Chapter 6. In a study by Brickett et al. (2007), broiler chickens were fed low, medium, or 
high diet densities (+150 kcal per density level; ME levels of low density starter, grower, 
finisher diet: 2800, 2850, 2900 kcal/kg) either as mash or pelleted diets until 35 d of age. 
Feeding pelleted diets resulted in similar increases in ME intake when comparing low to 
medium and medium to high density diets, and feeding mash diets resulted in a much 
larger increase of ME intake between low and medium density diets compared to medium 
and high density diets (Figure 6a). 
The work of Brickett et al. (2007) clearly demonstrates that broiler chickens are limited 
by their maximum feed intake capacity, especially when feeding low density mash diets. 
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A similar response can be observed in Chapter 6 (Figure 6b), where broiler chickens that 
were continually fed a low density diet (3.5% dietary fat) showed the largest relative difference 
in ME intake compared to more concentrated diets, most likely because their physical intake 
capacity is limited. If the study in Chapter 6 were repeated with feeding pelleted diets, 
differences in BW gain and ME efficiency between diet densities would probably be reduced. 
Interestingly, feed intake with mash diets was neither affected in Chapter 6, nor in the work 
of Brickett et al. (2007). However, it has already been suggested that an increased diet density 
of mash diets only reduces ADFI if the difference in diet density is large (>1,000 kcal AME/
kg) enough (Jackson et al., 1982a; b). Another reason why feed intake in Chapter 6 was not 
decreased, despite an increase in diet density, might be related to the dietary fat level that 
resulted in increased ‘stickiness’ of the diet, which might have improved the palatability of 
the feed. 
In conclusion, the diet physical form appears to have a large impact on the effect of feeding 
increased diet densities, especially with respect to ME intake. Feeding lower density mash 
diets may limit the physical intake capacity, resulting in suboptimal growth performance 
compared to higher density diets.
C onclusions  diet  density
The effect feed composition (with special attention to dietary fat inclusion) during the first 
week of life was discussed in relation to short-term physiological development as well as 
on long-term effects on growth, organ development, metabolic status, and carcass 
composition. Data from Chapters 4, 5, and 6 were combined with the literature and 
discussed in relation to the underlying physiological mechanisms for the effects observed 
(pre- vs. post- absorption) and diet physical form. 
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Figure 6. Relative differences in ME intake between treatments (A) of broiler chickens from 0 to 35 d of age, fed 
different diets density levels (+150 kcal per density level; ME levels low density starter, grower, finisher diet: 2,800, 
2,850, 2,900 kcal/kg) provided as either mash or pellet (based on data of Brickett et al., 2007). Relative differences 
in ME intake between treatments (B) of broiler chickens from 0 to 34 d of age that were continuously fed 3.5, 8.2, 
12.8, or 17.5% dietary fat (+150 kcal per density level; ME levels low density pre-starter, starter, grower diet: 2,908, 
2,757, 2,795 kcal/kg; Chapter 6). 
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The following can be concluded:
• Young broiler chickens appear to repartition visceral organ development in response to 
more concentrated diets during the first week of life.
• Feeding concentrated diets does not result in increased fat deposition, as long as the 
increase in dietary fat (energy) level is parallelled by an increase in amino acids.
• Diet physical form appears to influence the effect of feeding increased diet densities, 
especially with respect to nutrient intake and consequently BW gain. 
• Physical feed intake limitations are hypothesized to be the main driver for altered 
performance when feeding lower diet densities in mash form.
• Feeding high density diets up to two weeks of age results in the following:
o Limited effects with respect to long-term growth performance (driven by subsequent 
physical feed intake capacity).
o Increased ME efficiency for growth, which is hypothesized to be facilitated by a relative 
higher protein and lower fat deposition.
PRACTICAL RECOMMENDATIONS
Based on results of the current thesis, the following practical recommendations can be made:
• Direct feed access after hatch may be used to initiate BW gain of broiler chickens directly 
after hatch, resulting in faster onset of growth compared to chickens in traditional 
incubation and housing systems. An earlier onset of growth, especially when chickens 
are kept at a different location than the grow-out facility during this period, may shorten 
the production cycle of broiler farmers, save costs by spending less on climate control 
(temperature, ventilation) around hatch, and thus result in increased savings. 
• Feeding of concentrated mash diets to young broilers will result in higher growth 
performance. Although feeding increased diet densities during the entire grow-out 
results in overall best performance, an economical evaluation on the return on investment 
of feeding denser (and more expensive) diets on broiler performance is required to 
determine the optimal feeding strategy. 
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Infob ox 2 .  Respirator y  E xchange R atio :  age  and diet  dep endent 
substrate  oxidation. 
In Chapter 4, the effects of feeding increased diet densities during the first week 
of life, coinciding with increased dietary fat levels, on growth performance and 
metabolism were examined. Although not part of the original study aim, the 
collected gas flow data (O2 and CO2) allows one to observe age-related development 
of the respiratory exchange ratio (RER) and examine the primary substrate that 
is being metabolized at a specific age. The respiratory quotient (RQ) for glucose 
is 1.0, whereas it is approximately 0.7 for fat and 0.8 for protein oxidation 
(Ferrannini, 1988).
As an average over treatments, the RER at d 0 was 0.75 to 0.80 (Chapter 4). This 
is somewhat higher than the RER value of 0.71 to 0.72 determined for incubated 
eggs at embryonic day 18 (Nangsuay et al., 2015), an incubation stage during 
which the chick primarily relies on lipids in the yolk as an energy source. However, 
during the final stage of incubation, the RER slightly increases due to 
glycogenolysis, which will deplete glycogen reserves at the actual moment of hatch 
(De Oliveira et al., 2008; Van de Ven et al., 2013).
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Figure 7. Effect of increased diet density through dietary fat level (3.5, 7.0, 10.5, 14.0, and 17.5%) on the 
respiratory exchange ratio (ratio of CO2 produced to O2 consumed) of broiler chickens of 0 to 7 d (Chapter 
4). Exponential curve (---) for weight of the residual yolk based on data from Bigot et al. (2003).
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CONCLUSIONS 
The duration of delayed feed access after hatch is strongly related with the duration that 
the broiler chicken requires to “catch up” on growth, compared to chickens with direct feed 
access. However, delayed feed access up to 48 h after placement does not seem to result in 
an impaired growth capacity of broiler chickens, but rather a delayed onset of growth. 
MCFA can be added to the diet to increase growth performance during the first week of 
life, especially when fed to broiler chickens with delayed feed access. 
However, dietary composition, by means of fish oil and MCFA inclusion in the diet during 
the first week of life, was found to have limited effect on the innate and acquired immune 
response. A prolonged delayed feed access requires a longer grower period and will result 
in a negative economic value for the farmer. 
With respect to the effect of dietary fat in pre-starter diets, it can be concluded that young 
broiler chickens adapt to high density diets with high fat inclusion levels in the first week 
of life, enabling them to digest and metabolize these diet types despite a suboptimal capacity 
for fat digestion. Feeding concentrated diets does not result in increased fat deposition, as 
long as the increase in dietary fat (energy) level is parallelled by an increase in amino acids. 
Diet physical form appears to influence the effect of feeding increased diet densities on 
growth performance and in particular feeding these diets in mash form to young broiler 
chickens results in improved growth performance. 
Infobox 2.  Continued 
The residual yolk at hatch, still consisting mainly of fatty acids (Yadgary et al., 
2010), continues to be metabolized during the first days after hatch and gradually 
lowers in weight as the chicken ages (Bigot et al., 2003).
This results in a gradual shift from fat metabolization to a mix of fat, protein, and 
glucose metabolization due to the ingestion of an exogenous nutrient source. 
The RER is also highly affected by dietary composition, as in Chapter 4 it was 
observed that diets with relatively high fat content (at the expense of carbohydrates) 
resulted in a lower RER (Figure 7).
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Broiler chickens start their life inside an incubator without any exogenous feed and water 
access, before being sorted and transported to a grow-out facility. During incubation, 
important organs, such as the gastro-intestinal tract and the immune system start to 
develop, a process that continues for several weeks after hatching. Hence, broiler chickens 
undergo a number of changes during the perinatal period, including the first week of life, 
both physiological and environmental related. Although broiler chickens have a residual 
yolk that may provide nutritional support during the first week of life, the period between 
hatch and first (exogenous) feed intake might have an impact on subsequent growth 
performance. Furthermore, the physiological status of the chicken at hatch determines the 
nutritional requirements of the chicken for this age period. Interestingly, that same 
physiological status also sets boundaries with respect to feed ingredients and nutrients 
constraints within the diet that the chicken can digest and metabolize. 
Immature development of the gastro-intestinal tract is associated with a suboptimal 
digestive capacity for fat. To anticipate this, young broiler chickens are fed (pre-) starter 
diets that are primarily based on starch and protein sources that are perceived to be easily 
digestible at this age. Immature development of the immune system may expose the broiler 
chicken to a higher risk for diseases and mortality during the first week of life. Limited 
knowledge is available about how physiological development during the first week of life, 
reflected by digestive organ and immune status, is affected by feed availability directly after 
hatch, and macro nutrient composition in complex pre-starter diets. Furthermore, it is not 
well known how nutrition during the first week of life affects long-term physiological 
development, growth performance, and health status. Based on these knowledge gaps, the 
aim of this thesis was to determine the impact of feed availability and feed composition 
provided during the first week of life on short-term physiological development, as well as 
potential long-term effects on growth performance of broiler chickens. 
Chapter 2 focused on the effect of the spread of hatch and moment of first feed intake on 
subsequent broiler chicken growth performance till day 18 of age. Additionally, Chapter 3 
focused on the effect of the moment of first feed intake and the inclusion of dietary fats on 
broiler chicken growth and humoral immune status. Chapters 4 and 5 focused on effects 
of increased diet density on nutrient digestion and metabolism of broiler chickens during 
the first week of life. This was followed by a grow-out study in Chapter 6, to examine long-
term effects of feeding increased diet densities, fed until different ages, on growth 
performance and carcass composition at slaughter age of broiler chickens. 
In traditional hatcheries, the time between hatch and first feed intake is variable (up to 48 
or even 72 h) due to differences in the spread of hatch, processing and transportation time. 
Various studies have looked at the effect of time between hatch and first feed intake on 
development and growth later in life, but often focused on delayed feed intake in relation 
to large time intervals (48 to 72 h). Therefore Chapter 2 examined whether the moment 
of hatch within a relatively short (24 h) hatch-window and the moment of first feed and 
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water intake after hatch affected growth, organ development, and carcass composition of 
broiler chickens until 18 d of age. Newly hatched chickens were pulled from an incubator 
at three time intervals (475 to 481, 483 to 487, and 489 to 493 h after onset of incubation) 
and were provided feed and water either directly or delayed (504 h after onset of incubation). 
The results of this study suggested that especially early hatched chickens benefit from direct 
feed access compared to midterm and late hatched chickens, as they tended to have a higher 
body weight gain from 0 to 18 d of age. Furthermore, irrespective of the moment of first 
feed intake, early hatched chickens were found to be physiologically different compared to 
midterm and late hatched chickens by means of a higher breast meat yield at 18 d of age. 
A short (13 to 26 h) delay in feed access after hatching resulted in lowered body weight 
gain and feed intake compared to direct feed access during the first week of life. In addition, 
delayed feed access resulted in a lower weight to length ratio of the jejunum and ileum at 
4 d of age compared with chickens with direct feed access. 
Chapter 2 focused on the moment of hatch and first feed intake on growth performance, 
organ development, and carcass composition. Therefore, it remained unknown whether 
diet composition immediately after hatching would affect broiler chicken growth and 
development during the first week of life. To address this question, Chapter 3 focused 
on the effect of the moment of first feed and water intake after hatch, as well as the 
inclusion of different dietary fat sources in the pre-starter diet (fed from 0 to 7 d of age) 
on the growth rate and immune function of broiler chickens until 28 d of age. Broiler 
chickens received either direct or delayed (48 h) feed access after placement in the grow-
out facility. Pre-starter treatments consisted of a control diet (with soybean oil), a diet 
with fish oil (5 g/kg) or a diet with a blend of medium chain fatty acids (MCFA; C10:0 
and C12:0; 30 g/kg), followed by a standard starter and grower diet. Immune function 
was measured through innate and specific humoral immunity, represented by 
immunoglobulins, interferon gamma, complement activity, and agglutination titres, of 
which agglutination titres were determined after a challenge with sheep red blood cells 
at 21 d of age. Results showed that chickens with direct feed access after placement that 
were fed the control pre-starter diet had a higher risk for mortality than chickens with 
delayed feed access and fed the control pre-starter diet, with the other treatment groups 
in between. Although the inclusion of MCFA resulted in higher body weight gain and 
lowered feed efficiency during the first week of life, this effect was not maintained for 
the remainder of the grow-out period. For direct fed chickens, the body weight at 28 d 
of age was highest for the control diet and lowest for the diet with MCFA, whereas this 
was the opposite in delayed fed chickens. The inclusion of fish oil and MCFA had minor 
effects on humoral immune function. Until 25 d of age, delayed feed access resulted in 
lowered body weight gain and feed intake compared to direct feed access, whereas gain 
to feed ratio was higher. Although results of Chapters 2 and 3 suggested that a delayed 
feed access after hatch resulted in lower body weight gain during the first week after 
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hatch and thereafter, it can be disputed whether this is truly an impairment of long-term 
growth or just a delayed onset of growth.
Chapters 4 and 5 investigated effects of feeding increased diet densities during the first 
week of life. Despite that embryonic development of broiler chickens largely depends on 
fat oxidation, it is generally assumed that fats and oils are not well digested and metabolized 
by young broiler chickens. To validate this, broiler chickens were fed increased diet densities 
in pelleted form from 0 to 7 d of age. Increased diet densities were obtained by formulating 
diets with different dietary fat levels (3.5, 7.0, 10.5, 14.0, and 17.5% dietary fat). With an 
increase in dietary fat level, amino acid levels, mineral levels, and the premix inclusion level 
were increased as well to preserve a similar ratio between energy, amino acids, minerals, 
and premix level in the diet. In Chapter 4, the effects of diet density on broiler chicken 
growth performance as well as energy and nitrogen metabolism were studied. Increased 
diet densities resulted in decreased body weight gain and feed intake, but increased gain 
to feed ratio. On the contrary, fat, nitrogen, and gross energy (GE) efficiencies (gain per 
gram or MJ of nutrient consumed) decreased. Furthermore, the GE and ME intake were 
not affected, but the ME to GE ratio decreased with increased diet densities, in line with 
the decreased nutrient efficiencies. Heat production and the respiratory exchange ratio 
decreased as a result of increased diet density, whereas protein and fat retention were not 
affected, despite a shift in dietary energy supply from carbohydrates to fat. These results 
suggested that even though digestibility of fats and oils may be suboptimal in young broiler 
chickens, protein and fat accretion are not affected by increased diet densities. 
The effects of increased diet density on nutrient digestion and digestive organ sizes were 
studied in Chapter 5. Nitrogen metabolizability and fat digestibility were not affected by 
diet density, but dry matter metabolizability was decreased as a consequence of increased 
diet densities. Furthermore, the crop, liver, and pancreas weights (as a percentage of body 
weight) decreased due to increased diet densities. On the contrary, the length of the entire 
intestinal tract (duodenum, jejunum, ileum, and cecum) increased, coinciding with an 
increased duodenum weight and an increased weight to length ratio for the ileum and 
cecum. These results suggest that increasing diet densities with increased dietary fat levels 
do not have to result in lowered performance per se, as the broiler chicken appears to 
repartition visceral organ development in response to more concentrated diets during the 
first week of life. The results of Chapters 4 and 5 suggest that young broiler chickens can 
metabolize high density diets with a relatively high dietary fat content and that feeding 
more concentrated diets to broiler chickens facilitates a high demand for protein deposition. 
In Chapters 4 and 5, the broiler chickens were grown until 7 d of age. However, consequences 
of different diet densities on later life performance and development were not investigated. 
Therefore, in Chapter 6, the long-term effects of feeding increased diet densities on broiler 
chicken growth performance and carcass composition were studied by feeding mash diets 
until different ages. Diet density levels similar to Chapters 4 and 5 (3.5, 8.2, 12.8, and 17.5% 
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dietary fat) were fed until different ages (d 7, 14, or 34). Treatments fed different diet 
densities until d 7 or 14 received a 3.5% dietary fat diet for the remaining period. Regardless 
of feeding phase, feeding increased diet densities resulted in a higher ME intake, ADG, and 
gain to feed ratio during the period these diets were provided. Feeding increased diet 
densities until 7 d of age had no effect on overall (0 to 34 d of age) growth performance, 
whereas feeding increased diet densities until 14 d of age resulted in increased body weight 
gain and feed efficiency from 0 to 34 d of age. The relative decrease in body weight gain as 
a result of switching from a high to a low density diet was higher when feeding increased 
diet densities until 14 d of age compared to 7 d of age. Metabolizable energy efficiency was 
only affected from the first week of life onwards. Continued feeding of increased diet 
densities resulted in higher energy efficiencies, but this effect disappeared when changing 
to a low density diet. When the metabolizable energy efficiency was corrected for the energy 
requirement for maintenance, the efficiency increased when high diet density levels (12.8 
and 17.5% dietary fat) were followed by a low density diet at both 7 and 14 d of age. 
Continued feeding of increased diet densities resulted in a higher body weight at slaughter, 
but a lower breast meat yield, whereas feeding increased diet densities from 0 to 14 d of 
age resulted in a lower fat pad weight at 34 d of age. Results suggest that feeding increasing 
diet densities resulted in higher BW gain, G:F ratio and metabolizable energy intake, but 
mainly during the periods that these diets were provided.
CONCLUSIONS
It can be concluded that short durations of delayed feed access impact the intestinal 
development of young broiler chickens. Furthermore, MCFA can be added to the diet to 
increase growth performance during the first week of life, especially when fed to broiler 
chickens with delayed feed access. 
Young broiler chickens are capable of metabolizing and utilizing high density diets through 
repartitioning the development of visceral organs. High density diets result in higher growth 
performance, but only for the period these diets are provided. 
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